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INTRODUCTION
Project 1: Early genetic changes in human epithelial ovarian tumors

Ovarian cancer is the fourth cause of death from all cancers among American women and ranks
the highest among deaths from gynecologic malignancies. Although the cure rate with stage I ovarian
cancer approaches 90%, two-third of patients are diagnosed with advanced intraperitoneal metastatic
disease, with five year survival rate of 15 to 20%. Therefore, it is of paramount importance to identify a
marker(s) for early diagnosis of the disease. However, it has been rare to identify Stage I disease and to
see transition within a malignant tumor from benign to malignant epithelium which might help us to
identify early genetic changes during ovarian cancer development. Recent histologic studies on
prophylactic ovaries from high-risk individuals showed the presence of microscopic premalignant and
malignant epithelia suggesting that they may create an identifiable milieu from which common epithelial
tumors of the ovary will mostly likely arise. Molecular genetic study on these microscopic malignant
epithelia would provide us with early genetic events during ovarian cancer development. We therefore
propose first, to perform LOH study on specific loci on chromosome 1p, 3p, 5q, 6q, 7q, 9p, 11p, 11q,
12p, 12q, 14q, 17p, 17q, 22q and Xq by polymerase chain reaction (PCR) analysis of tandem repeat
polymorphisms; second, to perform immunohistochemistry study on specific oncogene and tumor
suppressor genes on paraffin sections prepared from ovaries with microscopic malignant serous lesions
and to study specific oncogene activation and tumor suppressor gene inactivation by single strand
polymorphism (SSCP) analysis and direct PCR sequencing on microdissected malignant serous
epithelium obtained from paraffin-embedded ovaries; and third, to perform RNA fingerprinting on
mRNA isolated from microdissected normal and malignant ovarian epithelial cells prepared from
normal ovarian surface epithelium and early stage serous ovarian carcinoma and to identify
differentially expressed genes in these early stage epithelial ovarian cancer cells. We believe that these
studies should provide us with early genetic changes during ovarian cancer progression and serum

markers which can be used for early diagnosis of the disease which will significantly improve the
survival rate of the patient.

Project 2: A Potential Serum Marker for Ovarian Cancer

The poor prognosis of ovarian cancer is mainly due to the lack of sensitive tests for early
detection of the disease, which is often asymptomatic. Studies have shown that ovarian cancer detected
in early stage has a high five-year survival rate of exceeding 90%. Therefore, identification of molecular
marker for early stage ovarian cancer detection is of paramount importance. This project is to study a
cDNA sequence which we have recently identified by differential display. The encoded protein is highly
homologous to trypsin and members of the kallikrein protease family. The novel protease, named as
protease M, is highly expressed in many invasive epithelial ovarian cancer tissues and cell lines, but not
in normal ovarian cell cultures. Since the preliminary data showed that upregulation of protease M was
also observed in stage I tumors and the protease was detectable in the conditioned media culturing the
tumor cells, the proposed work is to evaluate the potential use of protease M as a serum marker for early
detection of ovarian cancer and for monitoring treatment response of ovarian cancer patients, similar to
the use of another kallikrein member, prostate-specific antigen (PSA), in the diagnosis and prognosis of
prostate cancer. The three objectives of this project are: 1) to study the expression level of protease M in
normal human ovaries and ovarian tumors of different stages and histological grades; 2) to characterize
protease M and to identify the physiological substrates for protease M by an innovative cyclic peptide
library screening method; 3) to develop a sensitive, specific, and reproducible method for measuring the
circulating protease M in the sera of ovarian cancer patients. The results of this study will have a
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significant impact upon developing a substantially more efficient early detection program with an
increased probability of reducing mortality from ovarian cancer. The characterization of protease M
protein and identification of physiological substrates for protease M may provide insights into the
probable function of this novel protease in the pathogenesis of ovarian cancer. The identified optimal
peptide substrates with high specificity and affinity for protease M will have significant value in the

development of a carrier for targeted delivery of cytotoxic agents to protease M-secreting ovarian cancer
cells.

Project 3: Hormones as etiological factors of ovarian carcinogenesis

Ovarian cancer (OC) is the highest-ranking cause of death from gynecological cancers among
American women. All cell types of the human ovary may undergo neoplastic transformation; the vast
majority (80-90%) of malignant tumors are derived from the single layer of epithelial cells covering the
ovarian surface. Although the etiology of OC is still unknown, several theories have been put forth to
explain epidemiologic correlates. Nulliparity, lower number of pregnancies, never breast-feeding, and
infertility are linked to increased incidence of ovarian cancer. Since these conditions may increase the
number of ovulations in a woman's life-time, a unified hypothesis has been proposed to explain the
interrelationships between OC and these contributory factors. It has been postulated that "incessant
ovulation" leads to neoplastic transformation of HOSE cells. It is believed that following ovulation,
ovarian epithelial cells undergo rapid proliferation to repair the ruptured epithelium. While the etiology
of OC remains elusive, epidemiological observations have implicated ovarian steroids and/or
gonadotropins, particularly when present at abnormal levels during and after menopause, as probable
risk factors of OC. Understanding the role of hormones in ovarian carcinogenesis is of utmost
importance to combat this deadly disease.

Project 4: Development of a highly sensitive and specific method for the early detection and a
strategy for the early intervention of ovarian cancer

Ovarian carcinoma has the worst prognosis of any gynecological malignancy, due to the
difficulty of early detection, the high metastatic potential of the tumor and the lack of highly effective
treatment for metastatic disease. We have shown previously that lysophosphatidic acid (LPA) may
represent a useful marker for the detection of ovarian cancer (5). The method used for LPA
determination was a gas chromatographic method, which is cumbersome to perform. We have proposed
to develop a mass spectrometry-based method to detect lysophospholipids in human body fluids (Task
1). This method will then be used to analyze lysolipids in blood samples collected from patients with
ovarian cancer, other diseases, or healthy controls to determine whether one or more of these lipids may
be useful for the detection of ovarian cancer (Task 1). In Task 2, we hypothesize that elevated levels of
LPA in blood and ascites from patients with ovarian cancer are due to an abnormality of LPA
production and/or degradation. We propose to study the enzymes controlling levels of LPA in ovarian
cancer cells and/or body fluids from patients with ovarian cancer. If an abnormal enzymatic activity
associated with ovarian cancer is identified, it may represent a target for early intervention, since LPA is
likely to be involved in ovarian tumor cell growth, angiogenesis, and metastasis.
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Project 1: Early genetic changes in human epithelial ovarian tumors

Task 1. Tissue collection, processing and microdissection (months 1-36): A total of 48 stage I epithelial
ovarian carcinomas have been collected. Tissue collection will be continued in month 24-36.

Task 2. To perform loss of heterozygosity (LOH) studies on specific loci on chromosome 1p, 3p, 3q, 6q,
7q, 9p, 11p, 11q, 12p, 12q, 14q, 17p, 17q, 22q and Xq in microscopic stage I serous ovarian carcinomas
by polymerase chain reaction (PCR) analysis of tandem repeat polymorphisms (months 1-36).

a). Tissue sectioning, and DNA extraction (months 1-12): Tissue sectioning, microdissection, and DNA
extraction have been completed.

b). LOH study (months 3-36):
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Figure 1. Frequency of loss of heterozygosity at each chromosome arm in 48 cases of stage I ovarian cancer

Using a high-throughput PCR-based method combined with laser capture microdissection
and whole genome amplification techniques, we perform allelotyping on DNA isolated from 48 stage I
sporadic epithelial ovarian cancer including 15 serous, 9 mucinous, 12 endometrioid, and 12 clear cell
carcinomas. Among them, four are microscopically detected tumors. A total of 240 fluorescent-labeled
microsatellite markers spanning the whole genome were used. The frequency of loss of heterozygosity
(LOH) for each chromosome marker in all 48 cases was calculated (Figure 1). Chromosomal arms
showed over 50% LOH rate include 1p, 2q, 3p, 4q, 5q, 6p and 6q, 9q, 11q, 12q, 13q, 14q, 15q, 17p and
q, and 18q, Frequencies of LOH at specific loci were also determined and those over 30% were depicted
in Table 1. These data indicate that high frequencies of LOH can be identified in multiple chromosomal

arms in early stage ovarian cancer. Whether different subtypes of ovarian cancers have different allelic
loss patterns is under investigation.




Table 1. Chromosomal regions with incidence (>30%) of LOH in stage I ovarian cancer

-

Chromosome arm ___ Markers Regions LOH/inf. LOH%
1p D1S199 1p36.13 12/36 33
2q D252382 2g34-35 12/35 34
3p D351304 3p25.3-25.2 13137 35
3p D351300 3p21.1 17/39 44
4q D4S426 4q35.2 12/34 35
5q D55433 5¢22 13/38 34
8p D6S1574 Bp24 18/43 42
8q D6S287 6g21 13/34 38
6q D6S441 Bq24 14/32 44
8q D6S264 6g25.2 19/32 59
8p D8S550 8p23.1 10/32 31
8p D8s258 8p22 12136 33
9p D9S288 9p24.1 12/38 31
9q 'D9S158 9g34.3 9127 33
11p D1154046 11p15 14/42 33
11p D118904 11p14.3 13/40 33
11p D115905 11p12 13/37 35
11q D115901 11913.3-14.2 10/30 33
11q D11S3120 11924 10/26 38
129 D128351 12921.32 12/34 35
12q D1251659 12q24.33 13/35 37
13p D138175 13p12-13q11 14/30 47
13q D13S171 139q12.3 10729 34
13q D135263 13q14.2 17/41 41
13q D138265 13931.1 13/34 38
14q D148275 14911.2 11/31 35
15q D158128 15911.2-12 13/38 34
15q D158117 15921.3 12/36 33
17p ‘D175849 17p13.3 17/34 50
17p D175831 17p13.3 15/41 36
17p D1781828 17p13.1 19/45 42
17p D17S1876 17p13.1 21/43 49
17p D1781791 17p12 14/41 34
17p D178799 17p12 19/38 50
17p D175921 17p12-21.2 13/30 43
17p D1751857 17p12-q21.2 17138 45
17p D17S1824 17p12-q21.2 14/42 33
17q D178798 17q21.2 10/28 36
17q D1781795 17921.3-22 13/40 32
17q D175787 17921.3-22 17/38 4
17q D175944 17q22 12127 44
179 D1751816 17q22-23 14/37 38
179 ‘D1781862 17924 21745 47
17q ‘D17S836 17925 11/26 42
17q D17S784 17qter 11/32 34
20q D20S196 20013.2-13.31  12/38 31
219 D215266 21922.3 12/33 36




Task 4. To identify differentially expressed genes in microdissected normal ovarian surface epithelial
cells and Stage I ovarian carcinoma cells by RNA fingerprinting technique (months 12-36).

Perform RNA fingerprinting (months 12-24)
Characterize differentially expressed sequences (months 16-30) (see attached manuscripts)

1. Kim HK, Skates SJ, Uede T, Wong KK, Schorge JO, Feltmate CM, Berkowitz RS, Cramer DW,
Mok SC. Osteopontin as a potential diagnostoc biomarker for ovarian cancer. JAMA 2002,
287:1671-1679.

2. Wong KK, Cheng RS, Berkowitz RS, Mok SC. Gene expression analysis of ovarian cancer cells by
cDNA microarray. In Microarray and Cancer Research. Ed. J.A. Warrington, C.R. Todd, and D.
Wong. Eaton Publishing, Westboro, MA

Using the MICROMAX cDNA microarray system and RNA isolated from ovarian cancer cell
lines and normal ovarian surface epithelial cells (HOSE), we identified a gene called osteopontin that
exhibited an ovarian cancer-to-HOSE ratio of 184. For validation studies, real time quantitative PCR
analysis and immunohistochemistry were performed in normal and malignant ovarian epithelial cell
lines and tissues. To evaluate the potential of osteopontin as a tumor marker, we examined the amount
of osteopontin in plasma samples obtained from ovarian cancer cases and controls by an enzyme-linked
immunosorbent assay (ELISA). Real time quantitative PCR analysis revealed significant
overexpression of osteopontin mRNA in ovarian cancer compared to normal ovaries.
Immunolocalization of osteopontin showed that cancer cases expressed higher levels of osteopontin than
benign tumors and normal germinal epithelia cases (p=0.033), and mucinous subtype of ovarian cancer
expressed higher levels of osteopontin than the serous subtype. Osteopontin levels in plasma were
significantly higher (p<0.0001) in 83 patients with epithelial ovarian cancer (606.3 ng/ml) compared to
207 normal controls (182.8 ng/ml), 36 patients with benign ovarian diseases (309.5 ng/ml), and 48
patients with other gynecologic cancers (412.6 ng/ml). When a single cut off value of 274.5 ng/ml was
used, osteopontin showed a sensitivity of 81.4% and a specificity of 88.6%. For the diagnosis of ovarian
cancer, osteopontin in combination with CA 125 increased the sensitivity to 97.1% from 87.1% with CA
125 alone (p=0.04). This study showed that osteopontin is an ovarian tumor marker with clinical

usefulness.

Project 2: A Potential Serum Marker for Ovarian Cancer

Task 1: Investigation of expression of protease M in clinical samples:

1. Collection of samples: months 1 - 30

Samples are continuously collected by Dr. Samuel Mok and his associates.

2. Gene expression study: months 6 - 36

Table 2 summaries the updated expression data of protease M in ovarian tumor tissues according to
different stages of the disease. For the RNA analysis, we have applied real-time quantitative RT-PCR to
analyze the expression of protease M in ovarian tumors in comparison with the levels in normal ovarian
epithelial primary cultures. Most of the tested tumor RNAs expressed high levels of protease M
transcript. Furthermore, many of the early stage and low grade tumor samples showed up-regulation of
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protease M expression, suggesting that high levels of protease M expression also occur in stage I tumors,
especially for invasive epithelial ovarian cancers. Up-regulation of protease M may be an early event
during ovarian carcinogenesis. The data for protein expression was obtained by Western blot analysis.
We have developed some monoclonal antibodies and we are in the process of testing them (see Task 3).

A good monoclonal antibody specific to protease M will be used in determining the protein levels in
archival tissues by immunohistochemical staining.

INVASIVE BORDERLINE
RNA PROTEIN RNA PROTEIN
Stage 1 8/9 (89%) 4/6 (67%) 3/4 (75%) 0/1 (0%)
Stage 2 477 (57%) 0/1 (0%) 5/6 (83%) 2/2 (100%)
Stage3  29/33 (88%) 10/18 (56%) 2/2 (100%) N.D.
Stage 4 7/7 (100%) 1/1 (100%) N.D. N.D.

Table 2. Protease M expression in different stages of epithelial ovarian tumors.

Percentage of cases that show protease M RNA and/or protein expression are tabulated according to disease stages. N.D. =
not determined.

Task 2: Substrate screening:
1. Enzymatic assays for protease M and other proteases: months 8 - 16

We have to produce protease M recombinant protein for the enzymatic assays. In light of this, we have
cloned the full-length protease M cDNA into the mammalian inducible expression vector
pcDNAG/TO/myc (Invitrogen) in frame with the C-terminal hexahistidine (His) and myc tags and
transfected into ovarian cancer cell line SKOV3, which has a deletion of the gene. Several resultant cell
lines (SK-hK6) that can be induced in the presence of tetracycline to produce protease M recombinant
protein were isolated (Figure 2A). The recombinant protein was also detectable in the conditioned
medium. By making use of the C-terminal His-tag, the recombinant protein was purified to near
homogeneity from the low-serum conditioned medium by one step ProBond™ nickel affinity
chromatographic column (Invitrogen) shown in Figure 2B. Before elution, the pro-enzyme was
activated by mild trypsin treatment. The column was then extensively washed to remove the trypsin, and
the bound proteins were eluted with elution buffers containing increasing concentrations of imidazole.
The elution products were concentrated by Centricon centrifugation (Millipore) and protein
concentrations were determined. The elution products were tested for protease activity using a
commercially available kit (Figure 2C). Measurable protease activity was detected with the
recombinant protein purified from tetracycline-induced conditioned medium. A control sample prepared

from uninduced conditioned medium and was similarly treated with trypsin did not show any protease
activity.
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Fig. 2. Production of protease M recombinant protein.

A. Western blot analysis of SK-hK6 subclones. Shown are two clones that are inducible for the expression of protease M.
Lanes 1 and 2 belong to one clone, and lanes 3 and 4 belong to the other clone. Lanes 1 and 3 were cell lysates extracted
from cells treated with tetracycline, whereas lanes 2 and 4 were from uninduced cells. The protease M bands are marked
by an arrow.

B. A silver-stained SDS-PAGE gel of bound proteins eluted with different concentrations of imidazole: lane 1: 50 mM;
lane 2: 200 mM; lane 3: 350 mM; and lane 4: 500 mM. The recombinant proteins are marked by an arrow.

C. Proteolytic assay using an EnzChek™ Protease Assay Kit (Molecular Probes). Proteolytic activity of the recombinant
protease M protein eluted with 350 mM imidazole released the highly fluorescent BODIPY FL dye-labeled peptides.
The plot shown is arbituary fluorescence units versus eluant volumes (ul).

We have also analyzed the recombinant protein by a biotinylated fluorophosphonate (FP-biotin) probe. The
FP-biotin probe was developed by one of our collaborators, Dr. Benjamin Cravatt of the Scripps Research
Institute (5). FP is a potent and specific inhibitor of serine hydrolases including serine proteases. The
reactivity of FP with serine hydrolases requires that the enzymes be in a catalytically active state. Hence, a
FP linked to a small molecule reporter group (biotin) can serve as a potent and selective probe for
monitoring simultaneously the activities of multiple serine proteases. The preparations shown in Fig. 3A
contained in addition to the protease M protein also some other contaminating proteins. Nevertheless, the
impurities did not affect the enzyme activity shown in Fig. 3B. Pretreatment with 500 nM of trypsin over-
digested the protein (Fig. 3A, lane 2). The same procedure applied to control medium did not result in any
protein collection (Fig. 3A, lanes 3 and 4). The protein preparations were then incubated with FP-biotin
probe for half an hour at 25 °C. The reactions were then quenched by adding standard 2x SDS/PAGE
loading buffer and run on a SDS/PAGE gel. The separated proteins were elelctroblotted onto a PVDF
membrane, and treated with an avidin-horseradish peroxidase conjugate (Pierce) and detected by
SuperSignal cehmiluminescence reagents (Pierce).

A. B.

Fig. 3. Enzymatic activity assay using FP-biotin probe.
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A. Purification of protease M recombinant protein from culture medium using nickel column chromatography and activation by
trypsin treatment. Lane 1 and lane 2: preparations from spent medium with cells induced to secrete protease M, lanes 3 and 4:
preparation from spent medium with cells without induction. Lanes 1 and 3: treatment with 50 nM of trypsin; lanes 2 and 4:
treatment with 500 nM of trypsin. The protease M band was indicated by an arrow.

B. FP-biotin reactions. Lanes 1 and 2: reactions with trypsin as controls. Lanes 3 and 4: reactions with preparation activated by
50 nM trypsin treatment. Lanes 5 and 6: reactions with preparations treated with 500 nM of trypsin. Lanes 2, 4, and 6 were
reactions with pretreatments with heating at 80°C. The protease M band was indicated by an arrow.

As shown in Fig. 3B, minor treatment of protease M recombinant proenzyme with trypsin activated
protease M activity towards the FP-biotin probe (lane 3). The activity was drastically reduced by preheating
the sample at 80°C for 5 min (Fig. 3B, lane 4). The activity observed was from the protease M protein, and
not from any residual trypsin from the proenzyme activation step (the protease M band can be distinguished
from trypsin because of their size difference, as shown in Fig. 3B, lane 1 and lane 3). Overdigestion by
trypsin (Fig. 3A, lane 2) resulted in little enzyme activity (Fig. 3B, lanes 5 and 6).

2. Enzymatic assays in the presence of protease inhibitors: months 16 - 20

In progress.
3. Peptide library screening: months 14 - 24

We have given our protein samples to our collaborator, Dr. Ben Turk of Beth Israel Deaconess Medical
Center. We hope that we can have the results soon.

4. Confirmation of the optimal peptide motifs by enzymatic assays: months 25 - 30

Not started yet.

Task 3: Detection of protease M in patient blood:
1. Collection of samples and storage: months 1 - 24
Samples are continuously collected by Drs. Samuel Mok and Dan Cramer.

2. Development of detection methods: months 6 - 24

We have prepared and purified protease M recombinant protein fused with maltose-binding protein (MBP).
With the expertise help from Drs. Rebecca Hussey and Yunmei Wang of Dana-Farber/Harvard Cancer
Center, we have immunized five BalB/C mice with purified protein preparations. Spleen cells harvested
from a mouse were fused with the myeloma cell line NS1. About 1000 fusion clones were screened by
enzyme-linked immunosorbent assay (ELISA) with MBP-PM fusion protein and MBP control, and by
Western blot analysis with GST-PM E. coli lysates. About ten clones were identified that are specific to
protease M protein and do not show cross-reaction to trypsin and other kallikrein proteins such as hK1 and
hK3. These monoclonal antibodies will be characterized, particularly for the use in immunohistochemical
staining and serum screening.

3. Assays on the blood samples: months 25 - 30
11




s Not started yet.
4. Data analysis: months 31 - 36

Not started yet.

Project 3: Hormones as etiological factors of ovarian carcinogenesis

The first objective is to determine the efficacies of selected estrogens, to achieve this the HOSE
cells will be treated with increasing concentrations of estrogen for five days. The cell proliferation will
be measured by MTT assay. To study the synergistic effect of FSH and estrogens cells will be cultured
in the absence or presence of FSH and HOSE cell proliferation will be studied. To ascertain whether
their mitogenicities are mediated via estrogen receptors receptor blocker will be used.

The second objective is to determine whether the 3 selected estrogens have direct oncogenic
potentials and if they could be enhanced by FSH and blocked by the antiestrogen, ICI 182, 780. The
HOSE cells will be plated and exposed to different doses of estrogen for two weeks. Soft agar assay will
be used to study the transformation potential of estrogens. In a parallel experiment FSH will be added
along with estrogen to study the synergistic effect on cell transformation.

The third objective is to pick up a hormonal milieu that will produce the highest frequency of in
vitro transformation. To ascertain whether progesterone and DHEA exert anti-tumorigenic action by
blocking the estrogen and/or FSH-induced neoplastic transformation of HOSE cells, in vitro
transformation assay will be used to assay the ability of progesterone and DHEA in inhibiting the
estrogen-gonadotropin-induced transformation of HOSE cells.

We have established an assay to evaluate the effect of various hormones on the growth of
HOSE cells in vitro and demonstrated that estradiol significantly stimulated the HOSE cell
proliferation. The HOSE primary (HOSE 639, HOSE 770, HOSE 783, HOSE 785) and
immortalized (HOSE 642, HOSE 301, HOSE 306, HOSE 12-12) cell lines were cultured in
Medium 199 (phenol red-free) MC DB 105 (1:1) supplemented with 1% L-glutamine, 10% fetal
calf serum, penicillin (100 units/ml) and streptomycin (100 pg/ml), when reached 80% confluence
were harvested and washed twice in PBS and then seeded at a density of 1000 cells/ well in 96-well
plates. Cultures were maintained in above mentioned medium except fetal calf serum was stripped
twice with charcoal (this is very important for removing all sex steroids). Forty-eight hours after
cell plating, the medium will be replaced with the same medium containing various doses of (10™'-
10° M) estradiol or estrone (E2, El, Sigma, St. Louis, MO). Steroids (E1, and E2) were
dissolved in absolute ethanol. The final concentration of ethanol in the medium was 0.1%. The
control cells were exposed to equal concentrations of ethanol vehicle without test substance. The
cells were treated for 5 days with hormones. In a parallel set of experiment primary and
immortalized HOSE were cultured with various concentration of estradiol (107!~ 10 M) and 10™
M follicle-stimulating hormone (FSH, Calbiochem, San Diego, CA) for 5 days. On day 6 of
culture, cell proliferation was measured by a Boehringer Mannheim cell proliferation kit (MTT).
After the incubation period, 10 pl of the MTT labeling reagent (final concentration 0.5 mg/ml) was
added to each well and plates were incubated for four hour in a humidified atmosphere. Finally 100
pul of a solubilization solution was added to each well and plates were incubated overnight in 37°C.

12




Cell growth was measured based on the cellular conversion of a tetrazolium compound into a
colored formazan product. The absorbance was measured at 570 nm in a spectrophotometer to
determine the cell number in each well. Results are expressed by giving one arbitrary unit for the
absorbance of cells in nontreated wells. Absorbance for wells not exposed to hormones was
arbitrarily set as 1 and absorbance in hormone treated wells expressed as fold increase of the
untreated controls. To study whether the proliferative effects of estradiol on HOSE cells are
receptor mediated, the primary and immortalized cells were cultured with estradiol (10-* M) in the
presence or absence of two doses (10 ~ and 10° M) of pure antiestrogen ICI for five days. On day
6 cells were counted. Arbitrary unit of one was assigned to number of cells in controls and fold
increase in cell number was calculated in treated cells.

Estradiol stimulated cell proliferation is inhibited by antiestrogen

When increasing concentrations (107"'-10° M) of estrone (E1) or estradiol (E2) were added
to primary HOSE 639, HOSE 770, HOSE 783, HOSE 785 (Fig 1), and immortalized normal HOSE
642, HOSE 301, HOSE 306, HOSE 12-12 (Fig 4), in culture, a dose dependent rise in cell
proliferation was observed. About ten to fourteen fold increase was noted by 10° M E1 or E2 in
HOSE 639, HOSE 770, HOSE 783, HOSE 785 cell
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FIG 4 Effect of estradiol and estrone on cell proliferation in normal primary OSE cells. HOSE cells HOSE 693,
HOSE 770 , HOSE 783 and HOSE 785 cells were cultured at the density of (A) 1000 cells/well in 96 well plate in
medium 199:MCDB 105 supplemented with 10%FBS (heat inactivated charcoal striped FBS), 100 U/ml penicillin-
streptomycin for MTT assay. After pre-incubation for 48 hours, the cells were treated with different concentrations (10"
11,10 M) of estradiol (solid circle) or estrone (open circle) for 5 days. The cell growth was assessed by MTT assay as
described in Material and Methods. Absorbance of wells not exposed to hormones was arbitrarily set as 1 and estradiol
and estrone treated cell growth was expressed as fold increase of control. (B) To confirm the specificity of estradiol 2
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x10 ® cells per T-25 flask were cultured alone (hatched bar) or co-treated with 10 ® M of estradiol (hatched diagonal)
and two doses of ICI (10 ~° ‘black, and 10™* M horizontal hatched) for 5 days. The control cells were treated with
vehicle. After 5 days number of cells were counted. Treatment of cells with estradiol and estrone induced proliferation
of cells in a dose-dependent manner. Co-treatment with ICI abolished the response of normal HOSE cells to estradiol.
The data is shown as a mean of two experiments with triplicate samples and are represented as mean + SD.

lines compared to six fold increase in normal immortalized lines HOSE 642, HOSE 301, HOSE 306
and HOSE 12-12 cell lines. E1 and E2 were equally effective in causing cell proliferation in all cell
lines except HOSE 12-12 cell line where E1 showed a significant enhancement of cell proliferation
compared to E2. The ICI considered as pure antiestrogen, functions specifically by binding to and
inactivating the estrogen receptor. When primary and immortalized HOSE cells were incubated
with 10° M E2 A marked enhancement of cell proliferation was seen in all the cell lines with E2
and when cells were cultured with E2 and two doses (107 and 10*M) of ICI for 5 days, addition of
ICI to cultures along with E2 markedly attenuated cell proliferation. Cell lines cultured with FSH

and estradiol showed significant cell growth but no additive effect was seen in any cell line tested
(results not shown).
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FIG 5 Effect of estradiol and estrone on cell proliferation in normal OSE cell lines. HOSE cel!l lines HOSE, 642, HOSE
301, HOSE 306 and HOSE 12-12 were cultured at the density of (A) 1000 cells/well in 96 well plate in medium
199:MCDB 105 supplemented with 10%FBS (heat inactivated charcoal striped FBS), 100 U/ml penicillin-streptomycin
for MTT assay. After pre-incubation for 48 hours, the cells were treated with different concentrations (10™'-10 M) of
estradiol (solid triangle) or estrone (solid rectangular) for 5 days. The cell growth was assessed by MTT assay as
described in Material and Methods. Absorbance of wells not exposed to hormones was arbitrarily set as 1 and estradiol
and estrone treated cell growth was expressed as fold increase of control. (B) To confirm the specificity of estradiol 2
x10 * cells per T-25 flask were cultured alone (hatched bar) or co-treated with 10 * M of estradiol (hatched diagonal)
and two doses of ICI (10 ~ black, and 10™* M horizontal hatched) for 5 days. The control cells were treated with
vehicle. After 5 days number of cells were counted. Treatment of cells with estradiol and estrone induced proliferation
of cells in a dose-dependent manner. Co-treatment with ICI abolished the response of normal HOSE cells to estradiol.
The data is shown as a mean of two experiments with triplicate samples and are represented as mean + SD.
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+ Estradiol stimulated cell proliferation is inhibited by antiestrogen

When increasing concentrations (10™'-10"° M) of estrone (E1) or estradiol (E2) were added
to primary HOSE 639, HOSE 770, HOSE 783, HOSE 785, and immortalized normal HOSE 642,
HOSE 301, HOSE 306, HOSE 12-12, in culture, a dose dependent rise in cell proliferation was
observed. About ten to fourteen fold increase was noted by 10°® M E1 or E2 in HOSE 639, HOSE
770, HOSE 783, HOSE 785 cell lines compared to six fold increase in normal immortalized lines
HOSE 642, HOSE 301, HOSE 306 and HOSE 12-12 cell lines. E1 and E2 were equally effective in
causing cell proliferation in all cell lines except HOSE 12-12 cell line where E1 showed a
significant enhancement of cell proliferation compared to E2. Cell lines cultured with FSH and
estradiol showed significant cell growth but no additive effect was seen in any cell line tested. The
ICI considered as pure antiestrogen, functions specifically by binding to and inactivating the
estrogen receptor. When primary and immortalized HOSE cells were incubated with 10 M E2 A
marked enhancement of cell proliferation was seen in all the cell lines with E2 and when cells were

cultured with E2 and two doses (107 and 10™*M) of ICI for 5 days, addition of ICI to cultures along
with E2 markedly attenuated cell proliferation.

Project 4: Development of a highly sensitive and specific method for the early detection and a
strategy for the early intervention of ovarian cancer

Task 1. Develop a highly sensitive and specific method for the early detection of ovarian cancer,
Months 1-36
Task 2. Develop a strategy for the early intervention of ovarian cancer, Months 1-36

Work accomplished as proposed in Task 1 in the last year
We have completed lipid analyses in 23 patients with ovarian cancer, 9 patients with breast cancer, and
23 healthy controls.

Summary Statistics

Table 1 summarizes the various lipid markers assayed and compares levels obtained from
ovarian cancer patients to levels in patients with breast cancer and healthy subjects using the Wilcoxon
rank sum test. The markers that are statistically significantly different between groups at the p<.01
level are flagged in the last column. As can be seen from this table ovarian cancer patients and non-
ovarian cancer patients differ with respect to all markers except S1P, LPAF, the saturated species of
LPC (LPC 16:0 and LPC 18:0), and most of the LPC-based ratios. ‘

Correlations

Table 3 summarizes qualitatively the correlations between the various species totals. Combining
all patients, alkenyl LPA, alkyl LPA, and LPA are all positively correlated with each other, as are LPI
and LPA and LPC and LPAF (Pearson correlations).




Discrimination

Considering the markers listed in Table 3 separately, Table 5 summarizes the sensitivity and
specificity at empirically defined “optimum” cut points (i.e. the cut points that maximize sensitivity and
specificity) for those markers found to be statistically significantly different between the groups at
p<.01. Cut points that result in >90% sensitivity and specificity, respectively, are highlighted in a bold,
italic font. For ovarian cancer “regular” LPA and total LPA (all sources) appear to have good
discriminatory power. For example, using a cutoff of 1.0 for total “regular” LPA results in 91%
sensitivity (2 ovarian cancers are misclassified) and 100% specificity (no breast cancer patient or
healthy control had a “regular” LPA >1.0). Similar results are obtained with respect to the saturated
portion of “regular” LPA using a cutoff of 0.77. It should be noted, however, that sensitivity and
specificity are highly dependent on the cutoff chosen. For example, changing the cutoff for saturated
LPA from 0.77 to 0.75 reduces the specificity from 100% to 94%. Using multivariable logistic
regression models and discriminate analysis these markers can be combined in various ways to

potentially improve upon the sensitivity and specificity. Figures 6 summarizes these results
graphically.
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Table 5. Cutpoints for Classifying Ovarian Cancer

Cut Point Sensitivity Specificity
18:0 Alkenyl LPA >0.03 61% 84%
Total Alkenyl LPA >0.035 65% 4%
16:0 Alkyl LPA >0.04 65% 81%
Total Alkyl LPA >0.06 65% 81%
Alkyl+Alkenyl LPA >0.10 70% 1%
16:0 LPA >0.62 91% 97%
18:0 LPA >0.20 91% 97%
Total Saturated >0.77 91% 100%
18:1 LPA >0.10 78% 100%
18:2 LPA >0.16 52% 94%
20:4 LPA >0.11 70% 91%
22:6 LPA >0.05 65% 100%
Total Unsaturated >0.40 83% 97%
Total “Reg.” LPA >1.0 91% 100%
Unsat.:Sat. Ratio® <0.71 35% 81%
LPA - All Sources >1.6 91% 97%
16:0 LPI >0.11 78% 91%
18:0 LP1 >0.50 78% 91%
Total Saturated >0.65 78% 94%
Total LPI >1.0 70% 97%
18:1 LPC <6.5 65% 72%
18:2LPC <12.0 100% 72%
20:4 LPC <5.0 T8% 72%
Total Unsaturated <30.0 87% 72%
Total LPC <75.0 78% 66%
Unsat.:Sat. Ratio <0.85 87% 72%
16:0 to 18:2 Ratio >2.7 87% 75%
16:0 to 20:4 Ratio >4.0 T7% 66%
18:0 to 18:2 Ratio >1.37 70% 75%




Figure 6 Total "Regular" LPA
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PATIENT GROUPS

Work accomplished as proposed in Task 2 in the last year
1. The first mammalian lysophospholipase D (lyso-PLD) has been identified recently by two
Japanese groups (5,6). We have found that a lysoPLD-like activity is present in ascites from patients
with ovarian cancer (Ref 4; appendices).

2. We have found that when HEY cells were incubated in 6-well plates coated with BSA (as a control)
or different extracellular matrix (ECM)s, laminin, but not any other ECMs, stimulated an approximately
4-fold increase of LPA (Fig. 7A). To study the mechanisms of LPA produced by laminin, we tested a
number of phospholipase inhibitors: HELSS (a iPLA, specific inhibitor, AACOCF, (an iPLA, and
cPLA, inhibitor), 1-butanol (a PLD inhibitor), and GF 109203X (GFX; a PKC inhibitor). Both HELSS
and AAOOCEF, but not 1-butanol and GFX, significantly inhibited the LPA production (Fig. 7B). These
results suggest that an iPLA,, but not PLD, or a GFX-sensitive PKC, is involved in the laminin-induced
LPA production. Importantly, we found that the B, neutralizing antibody completely blocked the
production of LPA (Fig. 7B), indicating that laminin-induced LPA production via activating a f§,
integrin(s).
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inHL, cells. A. 6-well plates were coated

with different ECMs (10 yg/mL) and
‘blocked with BSA {0.1%). Starved HEY
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these wells for 4 hr. Cell supernatant was
‘collected. LPA extraction and analyses

were performed as described previously®
(appendix 1). B. 6-well plates were coated
with laminin and blocked with BSA. Starved
HEY cells were treated with or without
inhibitors or the neutralizing antibody against
B integrin prior to incubation in the coated
wells. LPA production (18:-1-LPA and total
LPA} was presented as the mean £ S.D. of
three independent experiments.
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KEY RESEARCH ACCOMPLISHMENTS

We demonstrated that early stage ovarian cancers, including microscopic diseases, have allelic
losses at multiple chromosomal sites.

We identified osteopontin as a potential serum biomarker for ovarian cancer.

Gene expression analysis of the tumor samples has demonstrated that protease M is highly
expressed in ovarian tumors of various stages and subtypes but not in the normal ovarian epithelial
cells.

Protease M recombinant protein has been made and preliminary studies have shown that it exhibits
protease activity. The activity to peptide library will be determined.

Monoclonal antibodies specific to protease M have been established. These will be characterized
for immunohistochemistry and serum screening purposes.

We showed that a significant concentration dependent increase was seen in cell proliferation when
estrone (E1) or estradiol is added to primary or immortalized normal HOSE cells.

We demonstrated that primary HOSE cells were more responsive to estrogens compared to
immortalized normal HOSE cells. When they are grown in the presence of estradiol and FSH, they
showed marked increase in cell proliferation. However, no additive effect of FSH was seen nay cell
line tested.

Addition of ICI to cell cultures attenuates estradiol induced cell proliferation.

We showed that HOSE cells exposed to low concentrations (10-9-10-8 M) of DES for 14 days
acquiredd ability to grow on soft agar, and HOSE cells exposed to DES and FSH form higher
number of colonies on soft agar compared to FSH or DES alone.

We have confirmed that LPA is a highly sensitive marker for detection of ovarian cancer.

In addition, we have found that alkenyl-, acyl-LPAs, and lysophosphatidylinositol (LPI), may
further increase the specificity and sensitivity of the LPA test. A US patent (#6,451,609) covering
these findings has been issued.

We have identified that iPLA, and lysoPLD may be important for LPA production form ovarian
cancer cells. Further studies will reveal whether they are important target for the early prevention
or the treatment of ovarian cancer.

We have shown here for the first time that an ECM molecule is able to stimulate LPA production.
This is also the first work to shown that HEY ovarian cancer cells are able to produce LPA when
stimulated by a physiological stimulus. This LPA production is potentially related to tumor cell
metastasis. We believe that these findings are highly novel and significant to ovarian cancer.
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REPORTABLE OUTCOMES

Project 1: Early genetic changes in human epithelial ovarian tumors

Manuscript:

1. Kim HK, Skates SJ, Uede T, Wong KK, Schorge JO, Feltmate CM, Berkowitz RS, Cramer DW,
Mok SC. Osteopontin as a potential diagnostoc biomarker for ovarian cancer. JAMA 2002,
287:1671-1679.

2. Wong KK, Cheng RS, Berkowitz RS, Mok SC. Gene expression analysis of ovarian cancer cells by

c¢DNA microarray. In Microarray and Cancer Research. Ed. J.A. Warrington, C.R. Todd, and D.
Wong. Eaton Publishing, Westboro, MA

Funding applied for based on the work supported by this award:

"Genetic alterations in early stage epithelial ovarian tumors " (4/1/03 -3/30/07)
Principal Investigator: Samuel C. Mok

Agent : NIH

Type: R33

To identify genetic changes in epithelial ovarian cancers.

Project 2: A Potential Serum Marker for Ovarian Cancer
In preparation

Project 3: Hormones as etiological factors of ovarian carcinogenesis

Manuscript:

1. Syed V, Lau KM, Mok SC, Ho SM. Profiling follicle stimulating hormone induced gene expression
in normal and malignant human ovarian surface epithelial cells (submitted).

Abstract: :

1. Syed V, Lau KM, Ho SM. Follicle stimulating hormone associated gene expression profiling in

normal and malignant human ovarian surface epithelial cells. Endocrinology Meeting , June 2002,
San Francisco, USA

Project 4: Development of a highly sensitive and specific method for the early detection and a
strategy for the early intervention of ovarian cancer

Peer-reviewed publications

1. Baudhuin LM, Kristina KL, Lu, J, and Xu Y. Activation induced by LPA and S1P requires both
MEK and p38 MAP kinase and is cell-line specific. Mol Pharmacol 62, 660-671, 2002.

2. Lu J, Xiao Y, Baudhuin LM, Hong G, and Xu, Y. Role and Signaling Pathways of Ether-linked
Lysophosphatidic Acids in Ovarian Cancer Cells. J. Lipid Res. 43, 463-476, 2002.

3. Zhu, K., Baudhuin, L., Hong, G. Williams, F.S., Cristina, K.L., Kabarowski, J.H.S., Witte, O.N. and
Xu, Y Sphingosylphosphorylcholine and lysophosphatidylcholine are ligands for the G protein
coupled receptor, GRP4. J Biol Chem. 276(44):41325-41335, 2001.

Review papers
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Xu Y. Sphingosylphosphorylcholine and lysophosphatidylcholine: G protein coupled
receptors and receptor-mediated signal transduction. Biochem Biophy Acta, 1582, 81-88,
2002.

Xu Y, Xiao Y, Zhu K, Baudhuin LM, Lu J, Hong G, Kim K-s, Cristina KL, Song L,
Williams FS, Elson P, and Belinson J. Unfolding the pathophysiological role of bioactive
lysophospholipids. Current drug targets-immune, endocrine & metabolic disorders. In press

Bauhuin L, Xiao Y, and Xu Y. SPC/LPC receptors Handbook of Cellular Signaling. In
press.

Abstracts:

1.

Saubhik Sengupta, Yi-Jin Xiao, and Yan Xu Production of Lysophosphatidic Acid (LPA) by
Laminin — Integrin Interaction is the key for Laminin induced Ovarian Cancer cell Migration.
22" Annual Research Day at the Cleveland Clinic Foundation. Oct. 17, 2002.

Guiying Hong and Yan Xu OGR1 overexpression modulates cell-cell and cell-matrix
interactions and induce cell apoptosis. 22* Annual Research Day at the Cleveland Clinic
Foundation. Oct. 17, 2002

Yi-jin Xiao, Benjamin Schwartz, Donna Fife, April While, Alexander Kennedy, Jerome
Belinson, and Yan Xu. Analyses of LPA in peritoneal washings enhances of the sensitivity and
specificity of ovarian cancer early detection. 22™ Annual Research Day at the Cleveland Clinic
Foundation. Oct. 17, 2002

Baudhuin LM and Xu Y. Activation of Akt by LPA and S1P is Dependent on the Activaties of
both ERK and p38 MAP kinases in HEY Ovarian Cancer Cells. 18™ UICC International Cancer
Congress (6/30-7/7/02 Oslo, Norway). Int. J. Cancer Supplemnt 13, P 806, 2002

Xu Y and Baudhuin LM. Sphingosine-1-phosphate-mediated activation of Akt through Edg-3,
but not Edg-1, requires the activation of platelet-derived growth factor receptor. AACR 93™
Annual meeting, p1011 (April 6-10, 2002, San Francisco, CA)
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Presentations:
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“Role and signaling pathways of lysophospholipids in cancer” (an invited talk at Mayo Clinic)
(9/24/02)

“Biomarker detection in breast cancer” Breast cancer conference, The Taussig Cancer Center,
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“Bioactive lysophospholipids, their receptors, and cancers” The Netherlands Cancer Institute,
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“Receptors for SPC and LPC” (an invited talk at the Annual Meeting GERLI 2000) (4/18/01)
Nantes, France.

“Role of signaling pathways of lysophospholipids in cancer” (an invited talk in the Department
of Pathology, Case Western Research University) (4/29/02).

“Role of signaling pathways of lysophospholipids in cancer” (ICOS LLC; Alameda, CA;
2/25102).

“Role of signaling pathways of lysophospholipids in cancer” (Department of Pharmacology,
Case Western Reserve University; 2/21/02).

“The potential pathological roles of LPA in ovarian cancer” (an invited talk at the 74™ Annual
Meeting of the Japanese Biochemical Society; 10/27/01).
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9. “G protein coupled receptors for LPC and SPC” (a talk at the CCF Retreat; Maumee Bay, OH;
9/11/01).

10.  “G protein coupled receptors for LPC and SPC” (Beijing University, Beijing, P.R. China;
9/25/01).

11.  “Role of signaling pathways of lysophospholipids in cancer” (Institute of Animal, The Chinese
Academy of Science; Beijing, P.R.China; 9/28/01).

12.  “Role of signaling pathways of lysophospholipids in cancer” (Beijing Normal University,
P.R.China; 10/5/01).
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"Novel lipid signaling pathways in ovarian cancer cells”

Principal Investigator: Yan Xu
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Understand the signaling mechanisms of lipid molecules in ovarian cancer cells and identify novel
targets to be used as potential therapeutics for the treatment of cancer.

CONCLUSIONS
Project 1: Early genetic changes in human epithelial ovarian tumors

We showed that high frequencies of LOH can be identified in multiple chromosomal arms in
early stage ovarian cancer. Whether different subtypes of ovarian cancers have different allelic loss
patterns is under investigation. We also demonstrated that osteopontin in a candidate biomarker for
ovarian cancer, which may have clinical usefulness.

Project 2: A Potential Serum Marker for Ovarian Cancer

Analysis of the tumor samples has demonstrated that protease M is highly expressed in ovarian
tumors of various stages and subtypes but not in the normal ovarian epithelial cells. This is important for
the development of screening tools for early detection of ovarian cancer. Characterization of protease M
recombinant protein suggested that it exhibits protease activity. Generation of monoclonal antibodies to

protease M will enhance the process of immunodetection of the proteins in archived materials and patient
serum.

Project 3: Hormones as etiological factors of ovarian carcinogenesis

All the cell lines responded equally well to E2 and E1 except HOSE 12-12 cell line, where El
was more effective than E2 in inducing cell proliferation. Furthermore, No synergism was observed
when cultures were challenged simultaneously with FSH and E2. Furthermore, treatment of HOSE cells
with FSH and estrogens enhance their colony formation potential on soft agar.
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Project 4: Development of a highly sensitive and specific method for the early detection and a

«+ strategy for the early intervention of ovarian cancer

We have made important accomplishment in developing a method of detecting and a strategy for
the early intervention of ovarian cancer. The newly developed ESI-MS-based on method is highly
sensitive, reproducible and quantitative. We confirmed that LPA levels are elevated in plasma from
patients with ovarian cancer using the MS-based method. Data analyses are in progress to determine the
specificity of the test. More clinical samples will be collected in the third year of the grant to further assess
the sensitivity and specificity of the test.

Using the MS method, we have found that a number of other lysophospholipids, including alkyl-
LPA, alkenyl-LPA, LPI, SPC and LPC are also elevated in ascites from patients with ovarian cancer,
compared with ascites from patients with non-malignant diseases (3). The diagnostic, prognostic, and
clinic management signficance of these lipids is under investigation.

Importantly, we have recently identified the first receptors for SPC and LPC (4-7). These
discoveries provide an intriguing opportunity and a novel approach to study the roles of SPC and LPC in
ovarian cancer. In addition, we have found lysophospholipase D (Lyso-PLD) activity in ovarian cancer
ascites. To target these receptors and lyso-PLD as an early intervention strategy is under investigation.
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INTRODUCTION

Opvarian cancer (OVCA) ranks closely behind pancreatic cancer as the fifth leading cause
of death from cancer in US women and is the most lethal of the gynecologic cancers (1).
Most cases are detected at late stages and are rarely curable. A majority of women with
OVCA are diagnosed when they have distant disease, and their survival is around 28% at 5
years (22). On the other hand, 5 years survival for localized disease is about 95% (depend-
ing on tumor grade), but only a minority of women are detected at this stage. This dismal
prognosis has stimulated research on methods for early detection with the hope of improved
survival, but such work has failed thus far to yield a satisfactory screening procedure.

Currently, clinical management of epithelial OVCAs relies in part on the stage and phe-
notype or histopathology of the ovarian tumors and usually begins with surgical cytoreduc-
tion followed by consolidative chemotherapy. Good responses to this general approach have
not been completely achieved. Most tumors will either recur after definitive treatment or be
chemoresistant from the outset. This is partly due to our lack of understanding of the
pathogenesis of OVCA.

It is believed that the vast majority of OVCAs are carcinomas of the surface epithelial
type. Based on the current knowledge on gene expression of a few differentially expressed
genes and the loss of heterozygosity (LOH) in ovarian tumors with different histopathol-
ogy, a working hypothesis for the pathogenetic pathways in ovarian carcinogenesis is pro-
posed (Figure 1). However, there are still many unknown pathways connecting all these
ovarian tumors with different histopathology. Because the biological behavior of the tumor
cells may be a manifestation of genes expressed by these cells, gene expression analysis by
cDNA microarray is a powerful tool to identify numerous differentially expressed genes. -
Further analysis of a large set of differentially expressed genes will contribute to our under-
standing of the pathogenetic pathways in ovarian carcinogenesis.

Microarrays and Cancer Research
Edited by ].A. Warrington, C.R. Todd, and D. Wong
©2002 Eaton Publishing, Westboro, MA
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c¢DNA MICROARRAY ANALYSIS

Choice of Samples and the Identification of Differentially Expressed Genes

Microarray technology has evolved as a major discovery tool to identify relevant bio-
markers for various types of cancers (26,33,35,38) and has been applied for the molecular
classification of tumors (8). The simultaneous comparison of the expression of thousands
of genes in two different samples by microarray allows the identification of a large number
of potential candidate genes for subsequent analysis and applications (24). However, one of
the important factors for the successful discovery of relevant biomarkers relies on the choice
of relevant samples for comparison. Since most OVCAEs are derived from the ovarian sur-
face epithelial cells, the use of surface epithelial cells will be most appropriate for the com-
parison with cancer cells.
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7q31.3
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i Mucinous H Low Gi
K-ras ow Grade
Serous BOT senndge| Muchous 4 High Grade
Surface Mucinous IEOC »
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A Xqi1.1-12 v PR, AR
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V SPARC, PR
1p36
Normal Ovarian 7q31.3
Hose |——|_Oret >[soows
BOT 17q21 -~
? l . P63 "1 LowGrade
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Figure 1. Working hypothesis for pathogenetic pathways in ovarian carcinogenesis. Gene mutational analyses include p53,
PTEN, and K-ras. Loci on chromosome 1, 3, 6, 7, 11, 17, and X that demonstrated LOH are shown in italic. Overexpressed
and down-regulated genes are indicated by A and 'V, respectively. HOSE, human ovarian surface epithelium; BOT, bor-
derline ovarian tumor; and IEOC, invasive epithelial ovarian carcinoma.
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. Gene Expression Analysis of Ovarian Cancer Cells

In our study, we compared the expression of 2400 genes between primary human ovarian
surface epithelial (HOSE) cells and OVCA cells using the MICROMAX™ cDNA microar-
ray system (NEN Life Science Products, Boston, MA, USA). Three primary HOSE cells
from different individuals were pooled together as a normal sample. The use of pooled nor-
mal samples has two advantages: (i) fluctuations in gene expression among normal HOSE
cells due to the individual difference in age or physiological states may be minimized; and
(#3) sufficient amount of RNA for direct labeling can be obtained from the precious primary
cell cultures. Similarly, three different cancer cell lines were pooled together as an OVCA
sample for the analysis. The use of cancer cell lines has the advantage of being homogeneous.
On the other hand, tumor tissue may be problematic because it is usually quite heteroge-
neous.

We have identified 47 genes overexpressed (Table 1 and Table 2) and 58 genes down-reg-
ulated in OVCA cells (Table 3) from a single microarray experiment. However, the list of
genes described here is different from two similar studies reported previously (25,34). Only
a few differentially expressed genes were shared by these studies. The differences in the list of
- differentially expressed genes may be due to the use of different samples in the analysis. We
compared the gene expression of primary normal ovarian surface epithelial cells and OVCA
cell lines. In one of the previous studies, gene expression of normal ovary was compared with
tumor tissues (34), while gene expression of low passage ovarian surface epithelial cells were
compared with tumor tissues in another study (25). Apparently, the choice of samples for
analysis would account for the different set of genes identified. However, further analysis is
needed to evaluate the clinical and biological significance of these differentially expressed
genes. Ideally, laser captured microdissection of primary tumor tissue for comparison with
microdissected ovarian surface epithelial cells should be used. Unfortunately, the insufficient
amount of RNA that can be obtained from microdissected material poses a challenge for mi-
croarray analysis. We hope a more sensitive and reliable method that only requires a few
nanograms of total RNA for microarray analysis will be developed soon.

Background Hybridization Signal and the Identification of Weakly Expressed Genes

We used the MICROMAX cDNA microarray system for our study because a much
smaller amount of total RNA is needed. TSA™ signal amplification (NEN Life Science
Products) in the MICROMAX cDNA microarray system reduces the amount of total RNA
needed to a few micrograms, which is about 20 to 100 times less than the currently used
method (24). The detail of MICROMAX cDNA microarray system has been previously de-
scribed (2,37). Gene expression from OVCA sample was detected as Cy3™ signal (Amer-
sham Pharmacia Biotech, Piscataway, NJ, USA), while gene expression from HOSE sample
was detected as CyS™ signal (Amersham Pharmacia Biotech) (Figure 2). After completion
of the recommended procedures, significant background signal was still observed in the G3
signal that was derived from OVCA sample. A series of additional stringent posthybridiza-
tion washes were able to reduce the background signal (Figure 2). The Cy3 to CyS5 ratios for
each of the 2400 genes before and after the stringent posthybridization washes were plotted
as two curves for comparison (Figure 3). The result indicated that while the Cy3 to Cy5 ra-
tios for most of the genes increased slightly after stringent posthybridization washes, the ra-
tios for some genes increased significantly. The number of genes with signal to background
ratios more than 3-fold has increased from 740 to 791. More importantly, after the strin-
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Table 1. Genes Overexpressed in OVCA Cells More than 10-Fold

Accession (OvCA/ OVCA Signal
" No. Description HOSE) Intensity
M33011 Carcinoma-associated antigen 444 1249
GA733-2
J04765 Osteopontin 184 11851
L41351 Prostasin 170 3172
L19783 GPI-H 88 916
U96759 Von Hippel-Lindau binding protein 59 1377
‘ (VBP-1)
M57730 B61 49 5514
L33930 CD24 signal transducer and 3’ 47 26722
region
D55672 hnRNP D 44 950
U97188 Putative RNA binding protein KOC 38 3599
- L19871 ATF3 37 3507
- J04991 pi18 34 9914
D00762 Proteasome subunit HC8 29 4703
U17989 Nuclear autoantigen GS2NA 28 721
U43148 Patched homolog (PTC) 28 4155
AF010312 Pig7 (PIG7) 23 17379
M80244 E16 21 4180
. X99802 ZYG homologue 21 2086
U05598 Dihydrodiol dehydrogenase 18 21595
L47647 Creatine kinase B 18 787
M55284 Protein kinase C-L (PRKCL) 16 863
X15722 Glutathione reductase 14 794
554005 Thymosin beta-10 13 1476
- AB006965 Dnm1p/Vps1p-like protein 13 4183
M83653 Cytoplasmic phosphotyrosyl 13 2156
protein phosphatase
X12597 High mobility group-1 protein 12 2785
(HMG-1)
M18112 Poly(ADP-ribose) polymerase 12 9277
-U56816 Kinase Myt1 (Myt1) 11 1773
X06233 Calcium-binding protein in 11 3007
macrophages (MRP-14)
D85181 Fungal sterol-C5-desaturase 11 3571
homologue
M31627 X box binding protein-1 (XBP-1) 10 12151
Reproduced with permission from Reference 37.
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Table 2. Weakly Expressed Genes, Overexpressed in OVCA Cells More than 10-Fold Identified After
Stringent Washes

Accession (OVCA/  OVCA Signal
No. : ~ Description HOSE) intensity
| AF005654  Actin-binding double-zinc- 18770 751
S : finger protein (abLIM) ' B
'L10844 . Cellular growth-regulating protein : 33 725

| M88163  Global transcription activator 18 642
I - homologous sequence ; ‘ :
*?,UGZSSE‘ . Rolipram-sensitive 3',5"-cyclic AMP 27 - 836
~ phosphodiesterase : o
_X12517 U1 small nuclear RNP-specific 112 - 550
 ’=_ a - - C protein ' : , : . -
,D2983'3‘ - Salivary proline rich peptide P-B , 10 : 492
AF020918  Glutathione transferase (GSTA4) 47 475
J05262  Farnesyl pyrophosphate synthetase 95 469
108424 = Achaete scute homologous protein 57 - 457
- (asH) | S

M84526 - Adipsin/complement factorD R 65 44
5~%U35'1"i3_ . Metastasis-associated mta1 ; 13 367
::' D28438 -~ DNA-binding protein TAXREB302 , 268 - 357
'AF012126  Zincfinger protein (ZNF198) 15 342
-AB000714 "RVP1 ; , - 11 314
AF029750  Tapasin (NGS-17) - 118 305
X60489 - - Elongation factor-1-beta B 10 282
36645 - Receptor protein-tyrosine kinase ; 71 273
S (HEKS) '

X \Genes :were ider’ﬁiﬁed after stringent posthybridization wash.

gent posthybridization washes, we were able to detect the weakly expressed genes that are

differentially overexpressed in OVCA cells (Table 2). Those genes correspond to the peaks
in the curve of Figure 3.

Genes Overexpressed in Ovarian Cancer Cells

From the list of overexpressed genes, several putative mechanisms may be involved in the
pathogenesis of OVCA: (7) inactivation of tumor suppressor; (7) altered expression of tran-
scription factors; (i7) overexpression of oncogenes; (1) overexpression of glycosylphos-
phatidylinositol (GPI) anchor-associated proteins; and (») altered cell cycle control. Ac-
cording to this list of genes, VBP1 interacts with the product of the von Hippel-Lindau
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Table 3. Genes Down-Regulated in OVCA Cells More than 10-Fold

Accession (HOSE/ HOSE
No. Description OVCA) Signal
D45421 Phosphodiesterase | alpha oo 667
M35410 Insulin-like growth factor binding ) 1517
' protein 2 (IGFBP2)
X81334 Collagenase-3 protein o0 5146
D13665 Osteoblast specific factor 2 (OSF-2p1) o0 24300
J03040 SPARC/osteonectin o0 28711
D86043 SHPS-1 681 9450
Ug9942 Lysyl oxidase-related protein 454 25055
(WS9-14)
M59807 NK4 118 22438
274616 Prepro-alpha2(l) collagen 101 2281
274615 Prepro-alpha1(l) collagen 81 24323
X06596 Complement component C1s 76 22672
M95787 22 kDa smooth muscle protein (SM22) 71 31581
X06256 Fibronectin receptor alpha subunit 66 27901
- M36981 Putative NDP-kinase (nm23-H2S) 60 15411
AJ001838 Maleylacetoacetate isomerase 59 304
X56160 Tenascin 42 36062
D21254 OB-cadherin-1 40 20621
Y07921 Serine protease 37 2247
Y10032 Putative serine/threonine protein 36 8510
kinase
X04526 Beta-subunit signal transducing 36 13321
proteins Gs/Gi (beta-G)
L31409 Creatine transporter 35 8677
X04701 Complement component Cir 33 10299
X13839 Vascular smooth muscle alpha-actin 32 27311
X84908 Phosphorylase-kinase, beta subunit 30 11341
114595 Alanine/serine/cysteine/threonine
transporter (ASCT1) 27 2234
M97796 Helix-loop-helix protein (1d-2) 25 3187
X04741 Protein gene product (PGP) 9.5 25 13138
Y10055 Phosphoinositide 3-kinase 23 614
X83535 Membrane-type matrix 20 6464
metalloproteinase
U69546 RNA binding protein Etr-3 18 2714
U16268 AMP deaminase isoform L, 18 3512
alternatively spliced (AMPD2)
: mRNA, exons 1B, 2, and 3
859749 5E10 antigen 18 1249
U03057 Actin bundling protein (HSN) 17 9285
J02854 20 kDa myosin light chain (MLC-2) 16 8323
X16940 Enteric smooth muscle gamma-actin 16 18776

132



, . Gene Expression Analysis of Ovarian Cancer Cells

- Table 3. (Continued)

« |Accession = . B - (HOSE/ HOSE
'No. .~ Description ‘ ; ~ OVCA) Signal
| X18223  N-acetylglucosamide-(beta 1-4)- ; 16 3357
. galactosyltransferase T o
| M69181 -~ Nonmuscle myosin heavy chain-B 16 11126
. (MmYH10) - B ’ :
' X06990 - ICAM-1 ' : , 16 25805
| M13656 - Plasma protease (C1) inhibitor > 15 -~ 1091
| X73608  Testican S 15 2977
| M96803 General beta-spectrin (SPTBN1) 15 13359
| D00632 - Glutathione peroxidase _— 15 4951
1 X03445 - Nuclear envelope protein lamin C 13 17451
.- precursor ' ' o
| L06419 . Lysyl hydroxylase (PLOD) ' : 13 9288
| M12125 - Fibroblast muscle-type tropomyosin 12 34379
845630 .~ Alpha B-crystallin, Rosenthal fiber 12 1536
. component - .
'AB005298 - BAI2 ‘ R 3839
'L77864 Stat-like protein (Fe65) ' 11 - 1914
-AB007144 = ZIP-kinase - S & 4277
'M16538  Signal-transducing guanine 1 - 2793
o - nucleotide-binding regulatory ‘ o ' :
. . .. {G}protein beta subunit . : . S
5’?:1.35545 ~© Endothelial cell protein C/APC 11 1002
TR _receptor (EPCR) : 1
| M75161 . Granulin ; L 11 13289
- X69910 . p63 . ' - 11 16460
- D12686 ~elF-4gamma o 11 21555
LO7594 Transforming growth factor-beta - 11 672
o . type lll receptor (TGF-beta) o

M33294 °  Tumor necrosis factor receptor - 10 6592
- U18121 - 136 kDa double-stranded RNA : 10 1619
~~_ binding protein p136 (K88dsRBP) = o :
'M55618 - Hexabrachion (HXB) ' 10 3866

' =, no detectable Cy3 signal from OVCA cells

gene and is expected to participate in pathways by inactivation of this tumor suppressor
gene (4). RNA binding proteins, Koc and hnRNP D, may assume a role in the regulation of
tumor cell proliferation by interfering with transcriptional and/or posttranscriptional
processes of tumor suppressor genes. However, the precise role of these RNA binding pro-
teins in human tumor cells is unknown and remains to be elucidated (19). ATF3 and XBP-
1 are transcription factors that may play an important role in the regulation of gene expres-
sion by cAMP-dependent intracellular signaling pathways (6) and essential for hepatocyte
growth, respectively (21). Also related to gene transcription, HMG-I protein has been im-
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plicated as a potential marker for thyroid carcinoma (5). p18 and E16 are two oncogenes
that have been found to be overexpressed in acute leukemia cells (16) and various human
cancers (36), respectively. The GPI anchor, potentially capable of generating a number of
second messengers, such as diacylglycerol, phosphatidic acid, and inositol phosphate glycan,
has been postulated to be involved in signal transduction in various cell types, including T-
cells (32). Genes encoding GPI-anchored proteins, GPI-H (10), B61 (27), and CD24 (23)
were found to be overexpressed in OVCA cells (Table 1). Myt1 activity is temporally regu-
lated during the cell cycle and is suggested to play a role in mitotic control (18). CD24, a
GPI-anchored protein, is also involved in cell cycle control.

The differential expression of five interesting genes, GA733-2, osteopontin, ko,
prostasin, and creatine kinase B, have previously been confirmed by real-time reverse tran-
scription polymerase chain reaction (RT-PCR) (37). These five are either surface antigens
or secreted proteins. Thus they may be potential serum markers. In fact, we have found that
prostasin is significantly higher in the plasma from OVCA patient (data not shown).
GA733-2 is known as epithelial cell surface antigen (EPG) or adenocarcinoma-associated
antigen (KSA). These proteins may function as growth factor receptors (29). Osteopontin is
an acidic phosphorylated glycoprotein of about 40 kDa which is abundant in the mineral

Betore After

OVCA (Cy3)

HOSE (CyS)

Figure 2. Hybridization signal before and after stringent posthybridization washes. Cy3 signal is derived from OVCA cells,
and Cy5 signal is derived from normal ovarian surface epithelial cells. (See color plate A10.)
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matrix of bones and possibly functions as a cell attachment factor involved in tumor inva-
sion and metastasis (20). Prostasin is a serine proteinase expressed in prostate and prostate
carcinoma (39). Creatine kinase has been shown to be at an elevated level in the blood of
patients with renal cell carcinoma or small lung carcinoma (14,30). These overexpressed
genes will be deserved of further analysis as potential use as diagnostic markers.
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Genes Down-Regulated in Ovarian Cancer Cells

More than 50 genes down-regulated in OVCA cells were identified in this study. In this
list of genes (Table 3), SPARC/osteonectin has been previously identified by our laboratory
as a down-regulated gene (17). SPARC is an extracellular matrix (ECM) protein with tu-
mor-suppressing activity in human ovarian epithelial cells (17). Other ECM or ECM-re-
lated proteins such as fibronectin, tenascin, OB-cadherin-1, HXB, matrix metallopro-
teinase, and ICAM-1 were also found to be down-regulated. Tenascin has been suggested as
a prognostic marker for colon cancer. Patients with more tenascin expression have better
long-term survival than patients with no or weak expression (9). The disruption of the in-
tegrity of ECM may be essential to tumor progression of OVCA.

Several other genes involved in response to growth factors or mitogens were also down-
regulated. These genes were Shps-1, phosphorylase-kinase, phosphoinositide 3-kinase,
NDP-kinase, ZIP-kinase, signal transducing guanine nucleotide-binding regulatory pro-
tein, IGFBP2, TGFp, and TNFq. receptor. SHPS-1, a novel glycoprotein, binds the Sh2
domain containing protein tyrosine phosphatase SHP-2 in response to mitogens and cell
adhesion (7). Suppression of SHPS-1 expression by v-Src via the Ras-MAP kinase pathway
has been shown to promote the oncogenic growth of cells (15). The NDP-kinase gene lo-
cated on chromosome 17q has been proposed as a metastasis suppressor gene in a variety of
tumor types (3). ZIP-kinase is a novel serine—threonine kinase and has been shown to me-
diate apoptosis through its catalytic activities (11). Previous study suggests that TGFp re-
ceptor complex and its downstream signaling intermediates constitute a tumor suppressor
pathway (12). The stabilization of TNFo. receptors on the surface of human colon carci-
noma cells is necessary for TNFo-induced cell death (28). Besides these two major groups
of genes, other genes encoding proteases and complement C1 components were also down-
regulated. Some of these down-regulated genes, such as testican (13) and osteoblast specific
factor 2 (31), have not yet been associated with carcinogenesis.

CONCLUSIONS

Using a commercial MICROMAX ¢DNA microarray, we were able to identify genes
overexpressed or down-regulated in OVCA cells from a set of 2400 known human genes.
Initial analysis of these differentially expressed genes has shed light on the possible mecha-
nisms involved in the pathogenesis of OVCA. It is hoped that further analysis of these genes
will contribute important information not only for a better understanding of the process of
carcinogenesis, but also for assessing the biology and behavior of individual ovarian tumors,
determining patient prognosis, and eventually influencing therapy. The use of microdis-
sected primary tumor tissues for further confirmation of the differential expression will be
needed in studies such as real-time RT-PCR analysis.

The availability of 2 commercial microarray that contains a large set of human genes and
expressed sequence tags (ESTs) will further facilitate the identification of more new and novel
biomarkers. Currently, the GeneChip™ U95 Set (Affymetrix, Santa Clara, CA, USA) repre-
sents more than 60 000 human genes and ESTs, while the cDNA microarray, GeneAlbum™
GEM™ 1-6 (IncyteGenomics, San Francisco, CA, USA) contains more than 52 000 differ-
ent human genes today. These arrays are the two most complete in vitro resources available
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for studying human gene expression. We expect that a large set of differentially expressed
genes identified from microarray analysis can be further exploited for molecular classification
of various ovarian tumor tissue samples, which will be a valuable tool to guide clinical man-
agement of the disease.
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VARIAN CANCER RANKS AS

the fifth leading cause of

death from cancer and has

the highest mortality rate
among the gynecologic malignanciesin
the United States.! Every year approxi-
mately 25000 ovarian cancer cases are
newly diagnosed and approximately
15000 deaths occur secondary to the
malignancy.” This high case-fatality ra-
tio reflects the fact that most ovarian
cancer cases are detected at stage I11 or
1V, at which the 5-year survival rate is
below 30% compared with 95% with
stage 1.> To improve survival, it would

be desirable to develop tumor mark--

ers that could be used to detect the early

‘stages of the disease.

The development of high-through-
put complementary DNA (¢cDNA)
microarray techniques offers great
potential for identifying novel and spe-
cific biomarkers for the early detec-
tion of cancer.*% Using these tech-
niques, potential serum markers for
several cancers have been identified.5°
In our study with the MICROMAX
(PerkinElmer Life Sciences [previ-
ously NEN Life Sciences], Boston, Mass)
¢DNA microarray system using RNA
isolated from several ovarian cancer cell

. ©2002 American Medical Association. All rights reserved.

Context Development of new biomarkers for ovarian cancer is needed for early de-
tection and disease monitoring. Analyses involving complementary DNA (cDNA) mi-
croarray data can be used to identify up-regulated genes in cancer cells, whose prod-
ucts may then be further validated as potential biomarkers.

Objective To describe validation studies of an up-regulated gene known as osteo-
pontin, previously identified using a cDNA microarray system.

Design, Setting, and Participants Experimental and cross-sectional studies were
conducted involving ovarian cancer and healthy human ovarian surface epithelial cell
lines and cultures, archival paraffin-embedded ovarian tissue collected between June
1992 and June 2001, and fresh tissue and preoperative plasma from 144 patients evalu- -
ated for a pelvic mass between June 1992 and June 2001 in gynecologic oncology
services at 2 US academic institutions. Plasma samples from 107 women selected from
an epidemiologic study of ovarian cancer initiated between May 1992 and March 1997
were used as healthy controls.

Main Outcome Measures Relative messenger RNA expression in cancer cells and
fresh ovarian tissue, measured by real-time polymerase chain reaction as 2~ (a quan-
titative value representing the amount of osteopontin expression); osteopontin pro-
duction, localized and scored in ovarian healthy and tumor tissue with immunohisto-
chemical studies; and amount of osteopontin in patient vs control plasma, measured
using an enzyme-linked immunoassay. '

Results The geometric mean for 2-24< for osteopontin expression in 5 healthy
ovarian epithelial cell cultures was 4.1 compared with 270.4 in 14 ovarian cancer cell
lines (P=.03). The geometric mean 2-24< for osteopontin expression in tissue from 2
healthy ovarian epithelial samples was 9.0 compared with 164.0 in 27 microdissected -
ovarian tumor tissue samples (P=.06). Immunolocalization of osteopontin showed |
that tissue samples from 61 patients with invasive ovarian cancer and 29 patients
with borderline ovarian tumors expressed higher levels of osteopontin than tissue
samples from 6 patients with benign tumors and samples of healthy ovarian epithe-
lium from 3 patients (P=.03). Osteopontin levels in plasma were significantly higher
(P<.001) in 51 patients with epithelial ovarian cancer (486.5 ng/mL) compared with
those of 107 healthy controls (147.1 ng/mL), 46 patients with benign ovarian disease
(254.4 ng/mL), and 47 patients with other gynecologic cancers (260.9 ng/mL).

Conclusions Our findings provide evidence for an association between levels of a
biomarker, osteopontin, and ovarian cancer and suggest that future research assess-
ing its clinical usefulness would be worthwhile.

JAMA. 2002;287:1671-1679 www.jama.com

lines and healthy human ovarian sur-
face epithelial (HOSE) cell cultures, we
identified a spot with an ovarian cancer/
HOSE ratio of 184 that corresponded
to a protein called osteopontin.* We pre-
sent the experimental and clinical stud-
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iesaddressing the potential clinical use-
fulness of this marker.

METHODS
Cell Lines and Cultures

All ovarian cancer cell line material was
obtained either by scraping the sur-
faces of healthy ovaries, recovery of ma-
terial from ascites, or procurement of ex-
planted tissue from solid tumors as
described previously.!® Five healthy
HOSE cell cultures used in this experi-
ment were HOSE695, HOSE697,
HOSE713, HOSE726, and HOSE730.
Fourteen ovarian cancer cell lines were
used: ALST, CAOV3, DOV13, OVCA3,
OVCA420, OVCA429, OVCA432,
OVCA433, OVCA633, and SKOV3
originated from serous cystadenocarci-
noma; RMUG-L and RMUG-S origi-
nated from mucinous cystadenocarci-
noma; and RMG-1 and ES-2 originated
from clear-cell carcinoma. All cell cul-
tures and cell lines were established in
the Laboratory of Gynecologic Oncol-
ogy, Brigham and Women'’s Hospital,
Boston, Mass, except OVCA3, SKOV3,
RMUG-L, RMUG-S, RMG-1, and ES-2,
which were purchased from the Ameri-
can Type Culture Collection (Rock-
ville, Md) and the Japanese Collection
of Research Bioresources (Tokyo, Ja-
pan), respectively.

Biosamples

All patient-derived specimens were col-
lected and archived under protocols ap-
proved by the institutional review boards
(IRBs) of the parent institutions. Paraf-
fin blocks (n=99) of ovarian cancer and
healthy tissue from the Brigham and
Women'’s Hospital pathology depart-
ment archives were collected between
June 1992 and June 2001, representing
a cross-section of histologic types and
grades seen at the institution. The blocks
were collected under a separate “dis-
carded material” IRB protocol allowing
study of such material provided there
was linkage only to diagnostic details
such as tumor stage and grade. A sepa-
rate bank of plasma and fresh frozen tis-
sue, representing a different group of pa-
tients and for which written informed
consent was required, was obtained from

1672 JAMA, April 3, 2002—Vol 287, No. 13 (Reprinted)

144 women evaluated for a pelvic mass
at the practices of 2 oncologists (J.O.S.
and R.S.B.) at the Brigham and Wom-
en’s Hospital between June 1992 and
June 2001, and at the University of Texas
Southwestern Medical Center, Dallas,
between December 2000 and June 2001.
The patients represent a cross-section of
women seen in these practices and were
selected from those women who con-
sented to the protocol and had non-
emergent surgery when technical sup-
port to collect the specimens was
available. The 144 case patients were di-
vided into those with epithelial ovarian
tumors (n=51), other gynecologic can-
cers (n=47), and benign disease (n=46).
All tumor tissue contained less than 20%
healthy tissue and was collected from the
primary ovarian sites and, if possible,
metastatic sites. Control plasma speci-
mens (n=107) were derived from an
IRB-approved epidemiologic study of
ovarian cancer initiated between May
1992 and March 1997. These controls
were selected to match 5-year age groups
in cases from 496 plasma specimens still
available from an original total of 523
from the epidemiologic study and in-
volved women selected from the gen-
eral population of Massachusetts and
New Hampshire.!!'2 A match for all 144
case patients was not sought but the
number of controls was chosen to be at
least twice as large as the number of in-
dividuals in the separate case groups.
For fresh-frozen sections, fresh speci-
mens were embedded in Tissue Tek
OCT medium (Miles, Elkhart, Ind),
snap-frozen in liquid nitrogen, and
stored at -80°C until use. The archival
tissues in paraffin blocks were re-
trieved from pathology files in the Labo-
ratory of Gynecologic Oncology at the
Brigham and Women’s Hospital. The
plasma samples were centrifuged at
2000g at 4°C for 15 minutes. The sepa-
rated plasma was removed, aliquoted,
and frozen at-80°C for future analysis.

Laser Capture Microdissection

Tissues stored in Tissue Tek OCT
(Miles) medium at~-80°C were sec-
tioned at 7 pm in a cryostat (Leica, Al-
lendale, Nj). Sections were mounted on

v

uncoated glass slides and immediately -
fixed in 70% and 50% ethanol for 30
seconds in each, stained with hema-
toxylin-eosin, dehydrated in alcohol so-
lutions of increasing concentration, and
cleared in xylene for 5 minutes in each.
After being air-dried for 3 minutes, the
sections were laser microdissected us-
ing the PixCell I (Arctarus, Calif). Tis-
sue with morphologically healthy ovar-
ian epithelial cells and malignant
epithelial ovarian cancer cells was pro-
cured, representing 27 cases with ovar-
ian cancer tissue and 2 cases with
healthy ovarian tissue. These samples
were selected from enrolled cases with
sufficient material for study, represent-
ing a range of histologic types.

Real-Time Quantitative Reverse
Transcription Polymerase

Chain Reaction

Real-time quantitative reverse tran-
scription polymerase chain reaction
(RT-PCR) was used for analysis of cell
cultures and lines and microdissected
fresh tissues. Total RNA extraction
and c¢DNA synthesis were performed
as described previously.!* For the
quantitative RT-PCR studies, a total of
2 pL of cDNA was used in a 23-pL
PCR mix containing 1X SYBR PCR
buffer, 3 mM MgCl,, 0.8 mM dNTP,
and 0.025 U/uL AmpliTaq Gold (PE
Applied Biosystems, Foster City,
Calif). Amplification was then per-
formed in duplicate using primer sets,
which we developed for osteopontin
and were manufactured by and pur-
chased from Sigma Genosys (Wood-
land, Tex) (forward primer:
5'-AAGCGAGGAGTTGAATG
GTGCAT-3'; reverse primer:

5'-TGTGGGTTTCAGCACTCT- .

GCTTCAT-3") and a housekeeping
gene, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), as a control
in an ABI PRISM 5700 Sequence
Detector (PE Applied Biosystems)
with denaturation for 10 minutes at
95°C followed by 40 PCR cycles of
denaturation at 95°C for 15 seconds
and annealing or extension at 60°C
for 1 minute. The ABI5700 system
software monitored the changes in fluo-

©2002 American Medical Association. All rights reserved.
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+ rescence of SYBR Green I dye in every
cycle. The threshold cycle (Cy) value for
each reaction, reflecting the amount of
PCR needed toidentify a target gene, and

the relative level of osteopontin for each

sample were calculated as described . 115
Briefly, GAPDH was used for the nor-
malization of the quantity of RNA used.
Its C; value was then subtracted from
that of the osteopontin gene to obtaina
ACr value. The difference (AAC;)

between the AC; values of the samples

for the gene target and the AC; value of
the calibrator (HOSE697 for cell lines or
741A for tissue) was determined. These
calibrators were chosen because they had
the lowest expression values for cell lines
and tissues, respectively. The relative
quantitative value was expressed as
2°84CT representing the amount of osteo-
pontin expression (normalized to a ref-
erence [endogenous]), relative to the
calibrators.”® Specimens were run in
duplicate and the values averaged. To
confirm the specificity of the PCR reac-
tion, PCR products were electropho-
resed on a 1.2% agarose gel.

Immunohistochemistry

The paraffin block specimens used in
this experiment were derived from ar-
chived tissue (not representing samples
from patients contributing fresh speci-

mens) and consisted of tissue from 3

healthy ovaries, 6 benign ovarian tu-
‘mors (1 serous, 4 mucinous, and 1
mixed), 29 borderline ovarian cancers
(13 serous, 14 mucinous, 1 clear cell,
and 1 mixed), and 61 invasive ovarian
cancers (21 serous, 21 mucinous, 6 en-
dometrioid, 8 clear cell, 2 undifferen-
tiated, and 3 mixed). The archived par-
affin blocks were derived from patients
having surgery at the Brigham and
Women'’s Hospital. Blocks were se-
lected to represent a cross-section of his-
tologic types and grades, overselect-
ing for early-stage cases. There were 42
blocks containing International Fed-
eration of Gynecology and Obstetrics
(FIGO) stage /11 tumor and 33 blocks
with stage II/IV tumor included in im-
munohistochemical studies.

Immunohistochemical studies were
performed using the avidin-biotin

©2002 American Medical Association. Al rights reserved.
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method, as described previously.? Sec-

tions were incubated with primary
mouse monoclonal antibody directed
against osteopontin (2 pg/mL) for 60
minutes at 37°C (Immuno-Biological
Laboratories {IBL}, Gumma, Japan).
The control sections were treated in par-
allel but incubated with normal mouse
serum (as a negative control) instead
of the primary antibody. All sections
were incubated in a moist chamber. Sec-
tions were then incubated with a bio-
tinylated secondary antibody for 30
minutes (Vector Laboratories, Burlin-
game, Calif). After 30 minutes of in-
cubation in avidin-biotin complex, the
reaction product was visualized by 3,3-
diaminobenzidine tetrahydrochloride
(Vector Laboratories). Finally, sec-
tions were dehydrated and cleared in
ethanol and xylene and mounted in
SP15-500 Permount (Fisher Scien-
tific, Pittsburgh, Pa). Representative
photomicrographs were recorded by a
digital camera (Optronic, Goleta, Calif).
Intensity of staining was quantified us-
ing a semiquantitative scoring system
as described.! "

Enzyme-Linked

Immunosorbent Assay

Levels of osteopontin in plasma samples
were measured with a solid-phase sand-
wich enzyme-linked immunosorbent
assay (ELISA) using a commercially
available kit, which has interassay co-
efficient of variation varying from 0.7%
to 2.0% and intraassay coefficient of
variation varying from 3.7% 10 4.7% de-
pending on the level of the marker
(Code No. 17158, IBL). Microplates
were first precoated with anti-human
osteopontin rabbit IgG (100 uL of 20
pg/mL in 0.1-M carbonate buffer; pH,
9.5) and blocked with 1% bovine se-
rum albumin and 0.05% Tween 20.
Plasma and standard osteopontin
samples were diluted with 1% bovine
serum albumin and 0.05% Tween 20 in
phosphate-buffered saline and incu-
bated for 1 hour at 37°C. After 7 washes
with 0.05% Tween 20 in phosphate
buffer, horseradish peroxidase—
labeled conjugated anti-human osteo-
pontin (10A16) mouse monoclonal an-

tibody (100 pL of 2 ng/mL) was added
and incubated for 30 minutes at 4°C.
After 9 washes, 100 pL of tetramethyl
benzidine buffer was added and the sig-
nal was allowed to develop for 30 min-
utes at room temperature. The reac-
tion was stopped with 100 pL of 1 N
sulfuric acid. The absorbance at 450 nm
was measured by an automatic ELISA
reader (Biorad, Hercules, Calif).
Results were converted from the
mean absorbance of duplicate wells af-
ter subtraction of background values.
Recombinant human osteopontin pro-

tein (IBL) was used as a standard. The

standard curve was prepared simulta-
neously with the measurement of test
samples. Reagent blank, test sample
blank, and internal controls of plasma
samples were used to normalize osteo-

pontin values obtained from each ex--

periment.

Statistical Analysis

The relative measures of osteopontin
expression, 2724<T, a5 measured using
RT-PCR in cancer and healthy cells or
cancer and healthy tissue were com-
pared with unpaired ¢ tests on log-

transformed values. Immunochemis- .

try scores were compared using the
nonparametric Kruskal-Wallis test for
overall group differences. Osteopontin
has plasma levels that range over mul-
tiple orders of magnitude; therefore, a
logarithmic transformation was used to
change to an arithmetic scale. Simulta-
neously, the transformed data com-
plied more accurately with the assump-
tions of a Gaussian distribution for
residuals in general linear models. Data
were summarized with the number of
observations, the geometric mean (P val-
ues were applied appropriately to dif-
ferences in the log [osteopontin] lev-
els), the 95% confidence intervals (Cls)
for the geometric mean, and the range
of the data. The general linear model was
used to determine differences in means
among groups (eg, diagnostic groups or
within ovarian cancers for the histo-
logic groups) and age was added to the
model to adjust for any age effects on os-
teopontin levels. The ELISA levels were
compared using the Kruskal-Wallis test

(Reprinted) JAMA, April 3, 2002—Vol 287, No. 13 1673
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or Mann-Whitney U test among groups.
The level of critical significance was con-
sidered to be P<.05.

For reporting specificity and sensi-
tivity estimates, there are a variety of
arbitrary choices, including present-

ing the full receiver operating charac-
teristic curve, or fixing sensitivity at an
arbitrary value and estimating the speci-
ficity, or fixing specificity at an arbi-
trary value and estimating sensitivity.
The latter choice was made for this re-

Figure 1. Relative Quantitation of Osteopontin in Healthy Ovarian Epithelial Cell Cultures
and Malignant Ovarian Epithelial Cancer Celf Lines
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Statistically significant differences were obtained between 5 healthy human ovarian surface epithelial (HOSE) cell
cultures, 10 serous-type ovarian cancer cell lines, 2 mucinous-type ovarian cancer cell lines, and 2 dlear cell-type
ovarian cancer cell lines by unpaired t test (P=.03). Each value was expressed as the mean of duplicate. The ref-
erent was HOSE697, considered to have a value of 1.

port with a choice of specificity of 80%. -
First, the nearest cutoff for osteopon-
tin corresponding to this level of speci-
ficity is determined, then the sensitiv-
ity is estimated as the number of
patients with disease for a given sub-
group with osteopontin levels exceed-
ing the cutoff divided by the number
of patients with disease in the given
subgroup. The actual specificity may
vary slightly from the target value
(80%=4/5) because the number of case
patients is not (in this study) divisible
by 5. All analyses were performed us-
ing SPSS version 9.0 (SPSS Inc, Chi-
cago, IlI) and S-PLUS (Insightful Inc,
Seattle, Wash).

RESULTS

To validate overexpression of osteo-
pontin in ovarian cancer, real-time RT-
PCR was applied to an expanded se-
ries of ovarian epithelial cell cultures
and cancer cell lines and tissues. Based
on the AAC; relative to the healthy cell
culture, HOSE697, the relative expres-
sion levels of osteopontin messenger
RNA (mRNA) in other cell lines were
calculated (FIGURE 1). The geometric
means of healthy and cancer cell lines
were 4.1 and 270.4 (P=.03). Except for
CAOV3,0VCA3, OVCA429,and ES-2,

Figure 2. Relative Quantitation of Osteopontin in Healthy Ovarian Epithelial Tissues and Malignant Ovarian Epithelial Cancer Tissues
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Expression differences were obtained between samples of 2 healthy ovarian epithelial tissues, 17 serous-type ovarian cancer tissues, 6 mucinous-type ovarian cancer
tissues, and 4 endometriold-type ovarian cancer tissues by unpaired ¢ test (P=.06). Each value was expressed as the mean of duplicate. The referent was 741A, con-
sidered to have a value of 1.
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" the other 10 ovarian cancer cell lines
showed high levels of osteopontin ex-
-pression. There was no significant dif-
ference in osteopontin expression
among cell lines derived from differ-
ent histologic subtypes (Figure 1).
Osteopontin expression in microdis-
sected ovarian cancer tissues was also
examined using real-time RT-PCR with
741A as the reference. Higher osteo-
pontin expression in the 27 ovarian can-
cer tissues was observed compared with
expression in the 2 samples of healthy
ovarian surface epithelium. The geo-
metric mean of the 2 groups was 9.0 and
164.0 with logarithmic transforma-
tion, respectively. The statistical dif-
ference was nonsignificant, perhaps due
to the limited number of healthy
samples examined (P=.06). There was
no significant difference in osteopon-
tin expression among tumors of differ-
ent subtypes (FIGURE 2).
Osteopontin protein levels in paraf-
fin block sections of 3 healthy tissues,
6 benign ovarian tumors, 29 border-
line ovarian cancers, and 61 invasive
ovarian cancers were assessed via im-
munohistochemistry studies. Osteo-
pontin immunoreactivity was not ob-
served in epithelium and stroma of the
healthy ovarian tissues (score 0). Most
positive staining observed in cancer tis-
sues was localized to the cellular mem-
brane and cytoplasm, extracellular ma-
trix component, or psammoma bodies
with some variations by histologic sub-
types. Serous types mainly showed im-
munopositivity in psammoma bodies
with occasional or focal cytoplasmic
staining. Immunopositivity in muci-
nous type was localized to the cyto-
plasmic, especially pericytoplasmic, re-
gion. Abundantly stained extracellular

materials suggested that osteopontin

was secreted from mucinous ovarian
cancer cells. Endometrioid and clear cell
subtypes showed focal cytoplasmic lo-
calization (FIGURE 3).

The immunostaining scores in tissue
sections from healthy ovary, benign ovar-
ian tumor, borderline ovarian tumor, and
invasive ovarian cancer were 0.0 (95%
(1, 0.0-0.0), 0.7 (95% CI1, 0.0-1.8), 2.2
(95%Cl1,1.5-2.9),and 2.1 (95% CI, 1.7-
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2.6), respectively (TABLE 1). The differ-
ence among diagnostic groups was sta-
tistically significant (P=_.03) aswell as the
differences among histologic groups
(P=.01) with mucinous cases having
higher expression. Among the cancer
(borderline and invasive) group, there
was no significant difference in osteo-
pontin immunoreactivity among differ-
ent grades and stages.

Finally, we examined osteopontin
levels in plasma samples obtained
from 107 healthy controls, 46 patients
with benign disease, 47 patients with
gynecologic cancers other than ovar-
ian cancers, and 51 patients with ovar-
ian cancer using ELISA. The mean
ages for the groups by category were
50.8 years for healthy, 54.6 years for
benign disease, 50.9 years for other

Figure 3. Immunolocalization of Osteopontin in Healthy and Malignant Ovarian Tissues

Osteopontin expression is indicated by brown staining and was immunclocalized using an anti-osteopontin

monoclonal antibody and an avidin-biotin peroxidase complex method with diaminobenzidine as the chro-

mogen. The sections were counterstained with hematoxylin. A, Healthy ovarian surface epithelial cells with no

expression of osteopontin. 8, Endometrioid cystadenocarcinoma with osteopontin expression in cancer cells,
C, Borderline mucinous tumor with osteopontin expression in cell membrane and cytoplasmic area. D, Inva-

sive mucinous cystadenocarcinoma. £, Serous cystadenocarei

body. F, Serous cystadenocarcinoma with osteopontin expression in cancer cells.
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OSTEOPONTIN AS A POTENTIAL BIOMARKER

Table 1. Expression of Osteopontin in Relation to Histopathologic Characteristics

in Immunohistochemical Analyses*

Scores
— .
No. of Geometric Mean P
Characteristics Patients (95% Confidence Interval) Range Value
All patients 99 2.0 (1.7-2.4) 0-6
Diagnostic category
Healthy 3 0.0 {0.0-0.0) 0-0 7]
Benign 6 0.7 (0.0-1.8) 0-2 03
Borderline 29 2.2(1.5-2.9) 0-6 | . ’
Invasive 61 2.1(1.7-2.6) 0-6 -
Histology of cancer
Serous 34 1.3 (0.8-1.9) 0-4 7
Mucinous 35 3.0 (2.4-3.6) 0-6
Endometrioid 5 2.2{0.0-4.4) 0-5 o1
Clear cell 10 2.3(1.1-3.5) 0-6 ’
Undifferentiated 2 1.0 (0.0-6.0) 0-2
Mixed 4 2.3(1.5-3.1) 2-3 ]
Tumor differentiationt
Borderline 28 2.2 (1.5-2.9) 0-6 7
Well 11 2.6(1.2-4.1) 0-6 5
Moderate 17 2.1(1.2-3.0) 0-6 '
Poor ' 19 1.5(0.9-2.2) 0-4
FIGO staget
) 36 2.2(1.7-2.8) 0-6 7
1l 6 2.7 (0.0-5.3) 0-6 16
it 30 2.0(1.3-2.6) 0-6 )
v 3 0.0 (0.0-0.0) 0-0 -

*FIGO indicates Intemational Federation of Gynecology and Obstetrics. The scoring system used comesponded to the
sum of both staining intensity (3+, strong posttive stain in most cells; 2+, moderate stain in cells; 1+, weak stain in
cells; 0, no evidence of stain) and percentage of positive cells (3+, most of described cells stained; 2+, half of cells
stained; 1+, few cells stained; 0, no cells stained).' Differences between groups were evaluated by the sum of in-
tensity and cell count scores in each. P values were for overall group differences.

1There were 15 cases that could not be categorized.

gynecologic cancers, and 55.4 years
for ovarian cancer. Because the age
difference between the ovarian cancer
patients and healthy controls was mar-
ginally significant (P=.04), P values
for the differences among mean (loga-
rithm) osteopontin levels are pre-
sented from linear models that include
a term for age.

The mean osteopontin level for all of
the patients was 230.9 ng/mL (95% CI,
130.2-409.3 ng/mL) and in the catego-
ries of healthy controls, benign dis-
ease, other gynecologic cancers, and
ovarian cancer, the mean levels were
147.1 ng/mL (95% CI, 99.4-217.7 ng/
mL), 254.4 ng/mL (95% CI, 148.2-
436.7 ng/mL), 260.9 ng/mL (95% ClI,
127.8-532.7 ng/mL), and 486.5 ng/mL
(95% CI, 315.0-751.4 ng/mL), respec-
tively (FIGURE 4). The difference in os-
teopontin level between ovarian can-
cer cases and healthy controls was
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statistically significant (P<.001)
(TABLE 2). There were no significant
differences among histologic types
(P=.11), different histologic grades
(P=.26), and stages (P=.17) of ovar-
ian cancer (Table 2).

Using a cutoff value of 252 ng/mL,
the specificity was 80.4% and the sen-
sitivity point estimates for the detec-
tion of early-stage (I/II) and late-stage
(11I/1V) ovarian cancer were 80.4% and
85.4%, respectively.

COMMENT

Because of the tendency for ovarian can-
cer to produce clinical symptoms at a
late stage, there is a need for better early
detection methods. Although a num-
ber of tumor markers have been iden-
tified and studied for ovarian can-
cer,'™? a useful screening marker for
ovarian cancer has not been clearly
established. The most widely re-

searched marker, CA125, has shown
some value in postmenopausal women
in pilot screening studies but sensitiv-
ity for early-stage disease before clini-
cal detection remains questionable.?
Thus, 2a marker of advanced disease may
not translate well to identification of
early asymptomatic disease.

One approach to meeting the need
for new markers is the use of cDNA mi-
croarray technology to identify up-
regulating genes in ovarian cancer cells
or tissues. Previously, we described the
cDNA MICROMAX microarray sys-
tem to identify up- or down-regulated
genes in ovarian cancer using RNA
pooled from several healthy HOSE cell
cultures and ovarian cancer cell lines.$
We described herein the additional
studies necessary to establish the po-
tential clinical relevance of one of the
markers identified, osteopontin.

Osteopontin is an acidic, calcium-
binding glycophosphoprotein that is
found in all body fluids and in the ex-
tracellular matrix components.2*?° The
molecular weight is 44 kd to 66 kd, de-
pending on species and cell types.??
Osteopontin has been referred to as
pp69, 44-kd bone phosphoprotein, 2ar,
Eta-1, transformation associated phos-
phoprotein 1, and 2B7.2+% It can func-
tion both as a cell adhesion protein and
as a cytokine for several integrins and
CD44.33! Furthermore, it has been
shown to be involved in inflamma-
tion, especially in regulation of mac-
rophages,**” tumorigenesis,?®* and
dystrophic calcification. 414

To further examine osteopontin’s
clinical potential, it was first necessary
to show that osteopontin is expressed
in individual cell lines and in actual
cancer tissue. A technique involving
real-time RT-PCR was used to mea-
sure gene expression in cells or tissue.
Our study demonstrated that osteo-
pontin was expressed in a number of
ovarian cancer cell lines different
from the ones previously used in the
microarray experiment.® We next
used real-time RT-PCR with actual
ovarian cancer tissue to demonstrate
that expression was not an artifact
associated with the culturing of ovar-

©2002 American Medical Association. All rights reserved.




-ian cancer cells in vitro. Real-time
RT-PCR applied to microdissected
ovarian cancer tissue also demon-
strated increased osteopontin mRNA
expression in the cancer tissue com-
pared with healthy tissue, though the
difference was not statistically signifi-
cant. Another method for demonstrat-
ing expression is to use immunohisto-
chemical studies to examine protein
expression assessed through staining
of tumor or healthy ovarian tissue.
This technique offers the advantage of
being able to use material archived in
tumor blocks but does require the
existence of an antibody to the over-
expressed protein, which in this case
was available. o

-Our immunohistochemistry results
suggested that different histologic sub-
types of ovarian cancer have different
osteopontin expression patterns. In se-
rous ovarian cancer, high levels of os-
teopontin were localized to the
psamomma bodies, which are lami-
nated calcified concretions commonly

found in serous cancers. Curiously, the .

cancer cells expressed low levels of os-
teopontin protein, yet the real-time RT-
PCR data on cell lines and microdis-
sected tumors showed relatively high
levels of osteopontin mRNA in the ma-
jority of samples of serous cancer cells.
The discrepancy between osteopontin
mRNA and protein levels may be ex-
plained by the fact that osteopontin
protein may be actively secreted by se-
rous epithelial cancer cells and, subse-
quently, translocated to the psam-
moma bodies resulting in calcium
phosphate deposition. Recently, osteo-
pontin mRNA has also been detected
in CD68 protein macrophages infiltrat-
ing serous ovarian cancer tissues,* sug-
gesting that tumor-infiltrating macro-
phages may also secrete osteopontin

~  and are involved in the generation of

psammoma bodies in serous cancers.
A recent study of osteopontin expres-
sion in 16 serous borderline ovarian tu-

mors and 14 serous invasive ovarian

carcinomas showed a significantly
higher level of expression in border-
line tumors than carcinomas, suggest-
ing that osteopontin may be impor-

©2002 American Medical Association. All rights reserved.
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tant for the pathogenesis of serous
borderline tumors.*!

In contrast to serous-type ovarian
cancer, higher osteopontin protein lev-
els were detected in the cytoplasm of
mucinous-type ovarian cancer cells,
suggesting active osteopontin protein
synthesis in these cells. Different os-
teopontin expression patterns in dif-
ferent histologic subtypes of cancer have
also been described in lung and esoph-
ageal cancers.**® Osteopontin overex-
pression has been demonstrated in im-
munohistochemical studies of a number
of other cancers including cancer of
prostate, breast, and stomach.**

Clearly, any proposed tumor marker
must be identifiable in blood or other
readily accessed biological samples. Us-
ing ELISA, we measured osteopontin
levels in preoperative plasma from pa-
tients with epithelial ovarian cancerand
plasma from healthy controls. Preop-
erative osteopontin levels were signifi-
cantly higher in women with ovarian
cancer compared with those in women
not having ovarian cancer or those with
benign pelvic disease. In addition, os-
teopontin levels were significantly

higher in patients with ovarian cancer
than in patients with other types of gy-
necologic cancers (cervix and endome-
trium). We also observed no signifi-
cant difference in osteopontin levels as

l

Figure 4. Osteopontin Levels in Case
Patients Within 4 Diagnostic Categories

8 88,

o

Osteopontin Level, ng/mL

34 <

Healthy  Benign Other Ovarian
{n=107) Diseases Gynecologic Cancer
(n=46) Cancers (n=51)
(n=47)
Diagnostic Category
The box is bounded above and below by the 75th and
25th percentiles and the median is the line in the box.
Whiskers are drawn to the nearest value not beyond a
standard span from the quartiles; points beyond (out-

liers) are drawn individually, where the standard span
“i5 1.5 X (interquartile range).

Table 2. Preaperative Osteopontin Levels in Patients With Ovarian Cancer vs
Those of Controls and Patients With Benign or Other Gynecologic Disease*

Osteopontin Level, ng/mL

Geometric Mean

Characteristics ng'egfts {95% Confidence Interval) Range Vafue

All patients 251 230.8 {130.2-409.3) 3.4-2858.8
Diagnostic category

Healthy 107 147.1 (89.4-217.7) 7.5-547.8

Benign disease 48 254.4 (148.2-436.7) 3.4-840.8 <.001

Other gynecologic cancers = 47 260.9 (127.8-532.7) 9.7-1453.4

Ovarian cancer 51 486.5 {315.0-751.4) 105.1-2859.8 -
Histology of cancer

Serous 31 451.6 (293.1-682.8) 105.1-1588.2 7

Mucinous 3 384.0 (290.6-507.5) . 274.6-640.2

Endometrioid 5 379.4 (261.2-551.1) 210.1-843.9 11

Clear cell 1 2130.5 (NA} 2130.5-2130.5

Undifferentiated 3 538.0 (342.5-845.1) 250.4-1068.4

Mixed 8 526.5 (357.2-776.1) 207.8-2166.0
Tumor differentiation

Borderline/well 10 373.9{280.3-498.7) 210.1-843.9 %

Moderate/poor 41 493.6 (321.6-757.5) 105.1-2166.0 .
FIGO stage ’

i 10 369.7 (279.8-488.5) 210.1-843.9 17

117173 41 520.1 (329.0-822.3) 105.1-2859.8

*NA indicates not applicable; FIGO, Interational Federation of Gynecology and Obstetrics. P values were calculated
with analysis of variance performed on the logarithms of plasma osteopontin level data, including a term for age.

{Reprinted) JAMA, April 3, 2002—Vol 287, No. 13 1677
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assessed via ELISA among serous, mu-
cinous, clear cell, and endometrioid
types of ovarian cancer, suggesting that
osteopontin may be useful in detect-
ing most subtypes of ovarian cancer. We
believe preoperative sensitivity esti-
mates may be sufficiently high to en-
courage pilot clinical screening stud-
ies, which would include osteopontin
in a panel of putative early detection
markers to obtain estimates of screen-
ing sensitivity and specificity. The cru-
cial issue to be addressed is the sensi-
tivity of a panel of biomarkers for
detecting early-stage ovarian cancer or
for screening subjects who would have
been clinically detected in late-stage dis-
ease. Sensitivity estimates based on pre-
operative samples from clinically de-
tected Ppatients, either early- or late-
stage disease, are no substitute for
estimates obtained from prospectively
conducted clinical trials and are at best
a guide as to which markers to test in
such a trial.

In conclusion, this investigation has
demonstrated the potential value of the
¢DNA microarray analysis in identify-
ing overexpressed genes in ovarian can-
cer and its subsequent link to a pro-
tein measurable in plasma. The findings
suggest evidence for an association be-
tween plasma levels of osteopontin and
ovarian cancer, pointing to a rationale
for further research assessing poten-
tial clinical usefulness.
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ABSTRACT , ~
The signaling pathways that lysophosphatidic acid {LPA) and
“sphingosine-1-phosphate (S1P) use to activate Akt in ovarian
cancer cells are investigated here. We show for the first time,
with the use of both pharmacological and genetic inhibitors,
that the kinase activity and S473 phosphorylation of Akt in-
duced by LPA and S1P requires both mitogen-activated protein
(MAP) kinase kinase (MEK) and p38 MAP kinase, and MEK is
likely to be upstream of p38, in HEY ovarian cancer cells. The
requirement for both MEK and p38 is cell type- and stimulus-
- specific. Among 12 cell lines that we tested, 11 respond to LPA
and S1P and all of the responsive cell lines require p38 but only
nine of them require MEK. Among different stimuli tested, plate-
let-derived growth factor stimulates 473 phosphorylation of
Akt in a MEK- and p38-dependent manner. However, epidermal

growth factor, thrombin, and endothelin-1-stimulated Akt 3473
phosphorylation require p38 but not MEK. Insulin, on the other
hand, stimulates Akt S473 phosphorylation independent of
both MEK and p38 in HEY cells. T308 phosphorylation stimu-
lated by LPA/S1P requires MEK but not p38 activation. MEK
and p38 activation were sufficient for Akt S473 but not T308
phosphorylation in HEY cells. In contrast to S1P and PDGF,
LPA requires Rho for Akt S473 phosphorylation, and Rho is
upstream of phosphatidylinositol 3-kinase (PI3-K). LPA/S1P-
induced Akt activation may be involved in cell survival, because
LPA and S1P treatment in HEY ovarian cancer cells results in a
decrease in paclitaxel-induced caspase-3 activity in a PI3-K/
MEK/p38-dependent manner.

LPA and S1P are bioactive lysolipids that exert many of
their effects and signaling activities through G protein-cou-
pled receptors (GPCRs) (Goetzl and An, 1998; Moolenaar,
1999; Spiegel, 1999). We have reported previously that both
LPA and S1P are important signaling molecules in ovarian
cancer, regulating both growth and metastatic potentials of
ovarian cancer cells (Xu et al., 1995a,b, 1998, 2001; Hong et
al., 1999; Schwartz et al., 2001). We have detected both of
these lysolipids in ascitic fluids in patients with ovarian

~cancer (Xiao et al., 2000, 2001). Moreover, we have reported

This work was supported in part by an American Cancer Society Grant
RPG-99-062-01-CNE, U.5. Army Medical Research grant DAMD 17-99-1.95863,
and National Institutes of Health Grant R21-CA84038-01 (to Y.X.).

that LPA is elevated in the plasma of patients with ovarian
cancer but not in that of patients with breast cancer or
leukemia, indicating its potential as a marker for ovarian
cancer (Xu et al., 1998). LPA has been reported to have a
cytoprotective effect in HEY ovarian cancer cells exposed to
cis-diamminedichloroplatinum (Frankel and: Mills, 1998).
Furthermore, under certain conditions in vitro, ovarian can-
cer cells produce LPA (Shen et al., 1998; Eder et al., 2000),
suggesting that LPA, and potentially S1P, function as auto-
crine growth factors in ovarian cancer. ‘

LPA and/or S1P have been shown to activate extracellular
signal regulated kinase (ERK) and PI3-K and/or Akt (PKB)
via a PTX-sensitive pathway in a number of cell types (Marte
and Downward, 1997; Weiner and Chun, 1999; Fang et al.,

ABBREVIATIONS: LPA, lysophosphatidic acid; S1P, sphingosine-1-phosphate; GPCR, G protein-coupled receptor; ERK, extraceliular

signal-

regulated kinase; Pi3-K, phosphatidylinositol 3-kinase; PKB, protein kinase B; PTX, pertussis toxin; MAPK, mitogen-activated protein kinase; MEK,
mitogen-activated protein kinase kinase; MK2, mitogen-activated protein kinase-activated protein kinase-2; PDK, 3-phosphoinositide-dependent
kinase; ILK, integrin-linked kinase; PIP,, phosphatidylinositol-3,4,5-trisphosphate; PDGF, platelet-derived growth factor; EGF, epidermal growth
factor; Et-1, endothelin-1; PBS, phosphate-buffered saline; LY284002, 2-{4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one; PD98058, 2'-amino-
3’-methoxyflavone; SB203580, 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-{4-pyridyl)1 H-imidazole; FBS, fetal bovine serum; RT-PCR, reverse
transcriptioon-polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; p-ERK, phospho-specific extracellular signal-
regulated kinase; p-p38, phospho-specific p38 mitogen-activated protein kinase. o o
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‘ i2{300; Lee et al,, 2000; Xu et al., 2001). A G,-dependent ERK
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activation is essential for the mitogenic activity of LPA in
fibroblasts (Van Corven et al., 1993; Fang et al., 2000). PI3-
K/Akt signaling is involved in cell survival in many cellular

- systems and cancers (Marte and Downward, 1997; Liu et al,

1998; Yuan et al., 2000). The activation of Akt, an antiapop-

‘totic protooncogene, is mediated by PI3-K, after receptor
- stimulation. PI3-K has also been shown to be the upstream

activator of ERK and p38 MAPK (Krump et al., 1997; Lopez-
Hlasaca et al., 1997). However, the potential interactions be-
tween ERK/p38 and Akt activation have just begun to be
‘revealed.

Two different kinases, PDK1 and PDK2, are responsible

'~ for the phosphorylation and activation of Akt at T308 and

S473, respectively. PDK1 has been cloned and sequenced
(Alessi et al., 1997). The mechanism by which S473 under-
goes phosphorylation remains obscure. It has been proposed
that 8473 can be both autophosphorylated and phosphory-
lated by other kinases, such as PDK1 and integrin-linked

' “kinase-1 (ILK1), which may be promoted by interactions

between PDK1 and other kinases associated with Akt (re-
viewed in Chan and Tsichlis, 2001). In vitro phosphorylation
of Akt at 8473 by MAPK activated protein kinase-2 (MK2), a

- downstream target of p38, has been reported previously,

although it is not involved in the in vivo S473 phosphoryla-
tion induced by insulin (Alessi et al., 1996). Recently, Rane et
al. (2001) have shown that in neutrophils, p38, but not ERK,
activation is required for Akt S473 phosphorylation induced
by fMLP, Fc-yR cross-linking, or phosphatidylinositol-3,4,5-

- trisphosphate (PIP;), and MK2 functions as PDK2 to phos-

phorylate Akt at S473 in vivo (Rane et al., 2001). Apparently,
more than one molecular identity may function as PDK2 to
phosphorylate Akt at S473, and this may be cell type- or
stimulus-dependent. ;

We describe herein a series of studies examining the sig-
naling mechanisms of LPA- and S1P-induced activation of
the PI3-K/Akt pathway in HEY ovarian cancer cells and a

- panel of other cell lines. In this study, we have focused on the

- signaling mechanisms of LPA/S1P-induced S473 phosphory-

lation of Akt in HEY cells, which is essential for the full

- activation of Akt. We demonstrate here that p38 activation is

required for most stimuli (LPA, S1P, PDGF, EGF, thrombin,
and Et-1, but not insulin) toinduce S473 phosphorylation of

‘Akt in HEY cells. In addition, p38 is required for LPA/S1P-

induced S473 phosphorylation of Akt in all 11 responsive cell
lines tested. On the other hand, of the stimuli tested, MEK is
required for Akt S473 phosphorylation induced only by LPA,

- S1P, and PDGF, and also occurs in a cell line-specific man-
. ner. MEK-dependent Akt phosphorylation occurs in all six

ovarian cancer cell lines tested, as well as HeLa cells, and
T-47D and MDA-MB-231 breast cancer cells, but not in PC-3

+ prostate cancer or GI-101A breast cancer cells. Moreover, Akt
 is phosphorylated in a Rho-dependent manner by LPA but

not S1P or PDGF, and Rho acts upstream of PI3-K. Our
results show that LPA and S1P decrease paclitaxel-induced
caspase-3 activity in HEY cells, which is mediated by the
PI3-K/MEK/p38 pathway, suggesting that LPA/S1P-induced
Akt activation is potentially involved in survival activities of
these cells. Because LPA and S1P probably activate Akt
through their Edg receptors, the expression patterns of these

- receptors in all cell lines used in this study have been exam-

ined.
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Experimental Procedures

Materials. Oleoyl-LPA and S1P were purchased from Avanti
Polar Lipids (Birmingham, AL) or Toronto Research Chemicals (To-
ronto, ON, Canada). LPA was dissolved in phosphate-buffered saline
(PBS), and S1P was dissolved in Tris-saline (50 mM Tris, pH 9.5, 145
mM NaCl) to 4 and 2 mM stock solutions, respectively. L.Y294002,
PD98059, and SB203580 were obtained from Biomol (Plymouth
Meeting, PA). Wortmannin and paclitaxel were obtained from Sig-
ma-Aldrich (St. Louis, MO). PTX was purchased from Invitrogen
(Rockville, MD). PDGF-BB was a kind gift from the lab of Dr. Paul
DiCorleto {Cleveland Clinic Foundation, Cleveland, OH) or was pur-
chased from R & D Systems (Minneapolis, MN). Thrombin and EGF )
were obtained from Calbiochem (La Jolla, CA) and Et-1 was from
Peninsula Laboratories, Inc. (San Carlos, CA). Anti-phospho-8473-
Akt, anti-phospho-T308-Akt, anti-Akt, anti-phospho-ERK, anti-
ERK, and anti-phosphe-p38 antibodies were obtained from Cell Sig-
naling Technology (Beverly, MA). Anti-MEK2, anti-MKKS$, and anti-
p38 antibodies were from StressGen (Victoria, BC, Canada).

Cell Culture and Transfection. HEY, Ovead20, Ovcad29,
Ovca432, and Ovcad33 ovarian cancer cells were from Dr. G. Mills or
Dr. R. Bast, MD Anderson Cancer Center (Houston, TX). MDA-MB-
231 and T-47D breast cancer cells were from American Type Culture
Collection (Manassas, VA). GI-101A cells were from the Goodwin
Institute for Cancer Research, Inc. (Plantation, FL). PC-3 cells were
from Dr. Warren Heston (Cleveland Clinic Foundation). All of the
above cell lines were maintained in RPMI 1640 medium containing
10% fetal bovine serum (FBS) at 37°C with 5% CO,. A2780 cells (also
from Dr. G. Mills) were maintained in DMEM/Ham’s F12 medium
(1:1) supplemented with 10% FBS. HeLa cells (from American Type
Culture Collection) were maintained in DMEM medium containing
10% FBS. MCF10A immortalized breast cells were obtained from the
Karmanos Cancer Institute (Detroit, MI) and cultured as recom-
mended by the provider. All cells were cultured in serum-free media
for 24 to 48 h before lipid treatment. For transient transfections, cells
were plated info 35-mm dishes and transfected with DNA using
LipofectAMINE (Invitrogen) and Transfection Booster Reagents
(Gene Therapy Systems, San Diego, CA) according to the manufac-
turers’ instructions. Transfected cells were used within 48 h after
transfection. Transfection efficiency was detected by lacZ transfec-
tion and B-galactosidase staining. Dominant negative and constitu-
tively active MEK were from Dr. D. Templeton (Case Western Re-
serve University, Cleveland, OH). Kinase inactive p38 and
constitutively active MKK6 were from Dr. Bryan R.G. Williams
{Cleveland Clinic Foundation). Dominant-negative and constitu-
tively active Rho were from Dr. Wouter Moolenaar, (Netherlands
Cancer Institute, Amsterdam, The Netherlands). The C3-exoenzyme
construct and constitutively active PI3-K (p110-« isoform) were pro-
vided by Dr. Alan Wolfman (Cleveland Clinic Foundation).

Nonradioactive Immunoprecipitation Akt Kinase Assay.

-The Akt kinase assay was performed with the Nonradioactive Akt

Kinase Assay Kit (Cell Signaling Technology) according to the man-
ufacturer’s instructions. All reagents were provided with the kit.
Briefly, cells were treated with LPA or S1P, rinsed with ice-cold PBS,
and then lysed in cell lysis buffer. Immunoprecipitation was carried
out using immobilized Akt 1G1 monoclonal antibody. The immuno-
precipitate was then incubated with GSK-3 fusion protein and ATP
in kinase buffer. Western analyses were used to determine the ex-
tent of GSK-3 phosphorylation by active Akt using a phospho-GSK-
3o/B (Ser21/9) antibody. )

Western Blot Analysis. After treatment with LPA, S1P, or other
stimuli, cells were rinsed with ice-cold PBS, and then lysed in SDS
sample buffer. Samples were electrophoresed through 10 to 12% SDS
polyacrylamide gels and then transferred to PYDF membranes{Bio-
Rad, Hercules, CA). Immunoblot analyses were carried out using the
appropriate antibodies. Specific proteins were detected with the en-
hanced chemiluminescence system (Amersham Biosciences, Piscat-
away, NJ). ' o




'3

*

E

‘S}-Pﬁr ‘

662 ¢ Baudhuin et al.

* Quantitative RT-PCR of LPA/S1P Receptor Expression. To-
tal RNA was extracted from cells using the SV Total RNA Isolation
System (Promega, Madison, WI). Total RNA (1-5 1g) was reverse
transcribed using Superseript II RT (Invitrogen). Derived ¢cDNA (8
ng) was used as a template for real-time quantitative SYBR Green I
PCR. Primer sequences for S1P, (Edg-1), S1P, (Edg-5), S1P, (Edg-3),
LPA, (Edg-2), and LPA, (Edg-4) were kindly provided by Dr. Ed
Goetzl (UCSF) and are as follows: S1P,, 5’GCAGCAGCAAGATGC-
GAAG and 5'CGATGAGTGATCCAGGCTTTT: S1P,, 5’GCGCCAT-
TGTGGTGGAA and 5'GAGCCAGAGAGCAAGGTATTGG; S1P,,
5'CTGGTGACCATCOTGATCCTC  and 5'ACGCTCACCACAAT-
CACCAC; LPA,, 5'GCTGGTGATGGGACTTGGAAT and 5'CAAC-
CCAGCAAAGAAGTCTGC; and LPA,, 5’ ACGCTCAGCCTGGTCAA-
GAC and 5'AACCATCCAGGAGCAGTACCAC. Primer sequences for
S1P; (Edg-8) and LPA, (Edg-7) were developed in our lab and are:
5’CGCCTTCATCGTGCTAGAGA and 5ACATCCGA-
CAACGTGAGGCT; and LPA,, 5'TCCAACCTCATGGCCTTCC and
5'GACCCACTTGTATGCGGAGAC. GAPDH was amplified in a sep-

- arate tube as a housekeeping gene with primers 5’GAAGGTGAAG-

GTCGGAGT and 5'GAAGATGGTGATGGGATTTC. All SYBR Green
I core reagents, including AmpliTaq Gold polymerase, were from
Applied Biosystems (Foster City, CA). The thermal cycling condi-
tions were 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and
60°C, 1 min. PCR reactions and product detection were carried out in
an ABI Prism 7700 Sequence Detection System (Applied Biosys-
tems). Amplified product was detected by measurement of the fluc-

- rescent dye, SYBR Green I, which was added to the initial reaction

mixture and binds proportionally to double-stranded DNA. After
completion of the PCR, a fixed threshold (DNA amount reflected by
bound fluorescent dye) was selected based on the manufacturer's
suggestion, and the number of cycles (the threshold cycle, or Cp)
required to amplify the target to reach this threshold was used for
calculations. The comparative Cr method (User Bulletin #2; Applied
Biosystems) was used to determine relative amounts of each recep-
tor. The comparative Cq method is similar to the standard curve
method, except that it uses arithmetic formulas derived by Applied
Biosystems to achieve the same results for relative quantitation. For
this method to be valid, the efficiencies of the target (i.e., LPA/SIP
receptor) and reference (i.e., GAPDH) must be approximately equal.
We have validated the amplification efficiencies of each of our targets

* to meet this requirement.

Measurement of Caspase-3 Activity. Cells were seeded into
96-well plates, grown to 80% confluence, and then cultured overnight
in serum-free media. The following day, cells were pretreated with or
without various reagents, followed by exposure to paclitaxel for the
indicated periods of time. Cells were then washed with PBS and
lysed in caspase-3 assay kit cell lysis buffer (Calbiochem). Caspase-3
activity was measured by cleavage of the fluorogenic substrate
N-acetyl-Asp-Glu-Val-Asp-amino-4-methylcoumarin ~ with  the
Caspase-3 Assay Kit (Calbiochem).

Results

LPA and S1P Induced Akt Activation in HEY Ovar-
ian Cancer Cells in a PI3-K-, MEK-, and p38-Depen-
dent Manner. LPA and S1P are present in ovarian cancer
ascites and are likely to be involved in proliferation and
survival of ovarian tumor cells. We have shown that LPA and

" +81P stimulate ovarian cancer cell proliferation (Xu et al.,

1995a; Hong et al.,, 1999). However, the effects and mecha-
nisms of LPA/S1P-induced PI3-K/Akt activation in ovarian
cancer cells have not previously been reported. To investigate
the effects of LPA and S1P on Akt activation in HEY ovarian
cancer cells, we treated these cells with physiological concen-
trations of LPA and S1P, and then measured the activity of
Akt with an Akt kinase assay. LPA (10 M) and S1P (1 uM)

induced activation of Akt compared with the untreated con-
trol (Fig. 1). To determine the mechanism of LPA/S1P-in-
duced Akt activation, and in particular, to test whether there
is an interaction between a major cell proliferation signaling
pathway (MEK/ERK) and a major cell survival pathway (PI3-
K/Akt), we examined the sensitivity of Akt activation induced
by LPA and S1P to three specific inhibitors of PI3-K, MEK,
and p38 MAPK: LY294002, PD98059, and SB203580, respec-
tively. Pretreatment of HEY cells with all three of these
inhibitors abolished activation of Akt by LPA and S1P (Fig.
1), suggesting a dependence on PI3-K, MEK, and p38 for
LPA/S1P-induced Akt activation. :

Time- and Concentration-Dependent Akt S473 Phos-
phorylation Induced by LPA and S1P. Akt activation is
mediated through phosphorylation of $473 and T308. West-
ern blot analyses with Akt-S473-phospho-specific antibodies
were used to measure LPA/S1P-induced S473 phosphoryla-
tion of Akt. LPA and S1P induced a time-dependent Akt S473
phosphorylation in HEY cells (Fig. 2, A and B). HEY cells
displayed a low basal level of Akt S473 phosphorylation,
which was not increased over the time course (Fig. 2A). Both
LPA and S1P induced a time- and concentration-dependent
5473 phosphorylation of Akt, occurring as early as 5 min,
with maximal stimulations of Akt 8473 phosphorylation oc-
curring at 20 min (Fig. 2B) and at 10 uM for LPA and 1 uM
for S1P (Fig. 2C). Our results demonstrate that at concen-
trations of LPA greater than 10 uM, the Akt and ERK phos-
phorylation levels are significantly decreased compared with
10 uM LPA (Fig. 2C and data not shown). Furthermore, there
is a correlation between the fold-change decrease in phos-
phorylation of Akt and ERK (with LPA concentrations
greater than 10 uM). LPA and S1P had relatively narrow
optimal concentration ranges for Akt activation. We observed
a similar phenomenon in LPA-induced thymidine incorpora-
tion (Xu et al., 1995b). The relationship between these effects
is currently under investigation.

PI3-K and G;-Dependent T308 and S473 Akt Phos-
phorylation by LPA and S1P. Because phosphorylation of
both T808 and S473 are necessary for the complete activation
of Akt, we examined the ability of LPA and S1P to stimulate
Akt T308 phosphorylation. Both LPA and S1P were able to
induce an approximately 4- to 6-fold increase in Akt phos-
phorylation at T308 in HEY cells (Fig. 3). To determine
whether S473 and T308 phosphorylation of Akt by LPA and
S1P were dependent on PI3-K activity, we examined the
effect of the specific PI3-K inhibitor, LY294002, on Akt phos-
phorylation. LPA- and S1P-induced S473 and T308 phos-
phorylation of Akt were completely abolished by pretreat-
ment of cells with LY294002 (10 uM) (Fig. 3). The
dependence on PI3-K was further confirmed by pretreatment
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Fig. 1. LPA and S1P activate Akt in a PI3-K-, MEK-, and p38-dependent
manner. Nonradioactive immunoprecipitation Akt kinase assay of HEY
cells pretreated with or without 10 M LY294002 (LY), 30 uM PD98059
(PD), or 10 uM SB203580 (SB) for 30 min, and then treated with LPA (10
uM) or S1P (1 uM) for 20 min. .
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‘with wortmannin (150 nM), a second, structurally different,
specific inhibitor of PI3-K (Fig. 3). ;
LPA and S1P elicit many of their cellular effects by binding
* to their cell membrane GPCRs and subsequently activating
G proteins (Goetzl and An, 1998; Moolenaar, 1999; Spiegel,
1999). To determine which G protein was potentially in-
volved in LPA- and S1P-induced S473 and T308 phosphory-
" lation of Akt, we treated cells with PTX (100 ng/ml)for 16 h
before treatment with lipids. Western analyses showed that
PTX pretreatment resulted in inhibition of approximately
60% of LPA- and 80% of S1P-induced Akt S473 and complete
“inhibition of T308 phosphorylation (Fig. 3), indicating that
both of these lipids activate Akt mainly via Gy, -dependent
signaling pathway(s).
LPA- and S1P-Induced Akt S473 and T308 Phosphor-
_ ylation Are Dependent on MEK, but Only S473 Phos-
phorylation Is p38-Dependent, and MEK Is Upstream

MEK- and p38 MAPK-Dependent Activation of Akt by LPA and $1P
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of p38. Phosphorylation of both $473 and T308 is essential
for the full activation of Akt. However, Akt S473 and T308
may be phosphorylated through different mechanisms. Be-
cause LPA/S1P-induced Akt enzymatic activation was MEK-
and p38-dependent (Fig. 1), we determined whether phos-
phorylation of Akt S473 and T308 by LPA/SIP also were
MEK- and p38-dependent. We used PD98059 and SB203580
as specific inhibitors of MEK (the upstream kinase of ERK)
and p38, respectively. To use the optimal concentration of
these inhibitors, we performed titration analyses and ob-
served that PD98059 at 3, 10, and 30 uM had an inhibitory
effect on LPA/S1P-induced ERK and Akt phosphorylation of -
approximately 60, 90, and 100%, respectively. Similarly,
SB203580 at 1, 3, and 10 uM had an inhibitery effect on
LPA/S1P-induced p38 and Akt phosphorylation of approxi-
mately 60, 90, and 100%, respectively. PD98059 (30 wM)
completely inhibited Akt S473 and T308 phosphorylation
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Control ‘LPA (10 uM) S1P (1 uM)
¥ 3 F it ]
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L -— . et el —— ——— ]—p-S473-Akt
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induced by LPA and S1P (Fig. 4A, 1 and 2), suggesting that
MEK, and potentially its downstream target, ERK, was in-
volved in phosphorylation of Akt at both S473 and T308.

* Interestingly, we found that although SB203580 (10 wM)

completely abolished Akt S473 phosphorylation induced by
both LPA and S1P (Fig. 44, 1), T308 phosphorylation was not
altered by pretreatment with up to 30 uM SB203580 (Fig.
4A, 2). These results suggest that p38 activation is required
for LPA/S1P-induced Akt S473, but not T308, phosphoryla-
tion. : . .
- To confirm the effects of PD98059 and SB203580 on their
targets, we used Western analyses with antibodies against
phosphorylated ERK (ERK is the downstream target of
MEK) and phosphorylated p38. Our results show that LPA

- and S1P activated ERK and p38 in HEY cells (Fig. 44, 4 and

5) with an optimal time of ERK and p38 activation by LPA/
S1P at 5 and 10 min, respectively, that was sustained for 80
min (data not shown). The ERK activation induced by LPA
and S1P was abrogated (>90%) by pretreatment with
PD98059 but not SB203580, although a general inhibition
(<20%) of phosphorylated ERK by SB203580 in control and
in LPA- and S1P-treated cells was observed (Fig. 44, 4). p38
activation, on the other hand, was completely inhibited by
pretreatment with both PD98059 and SB203580 (Fig. 44, 5).
These results show that MEK, and probably ERK, activity
was required for both Akt S473 and T308 phosphorylation. In
contrast, p38 activity was required for phosphorylation of
Akt at 5473 but not T308. In addition, MEX and ERK were
likely to be upstream of p38 in activating Akt S473 phosphor-
ylation. The activation of ERK alone, when p38 activation
was blocked (ie., in the presence of the p38 inhibitor,
$B203580), was not sufficient to induce S473 phosphoryla-
tion of Akt (Fig. 4A, 1 and 4).

Although these inhibitors (PD98059 and SB203580) ex-

hibit high specificity for their targets, it has been shown that

' at relatively high concentrations, these inhibitors may also

inhibit other molecular targets. Thus, to further confirm that
Akt 8473 phosphorylation by LPA and S1P was dependent on
MEK and p38 MAPKs, and that MEK was upstream of p38,

- we transiently transfected HEY cells with dominant-nega-

tive MEK (MEK/2A) and kinase-inactive p38 (p38/AGF). Al-
though HEY cells are relatively difficult to transfect, we
consistently obtained transfection efficiencies of greater than
70%, as analyzed by lacZ transfection and B-galactosidase

. staining, when we used the Transfection Booster Reagents
{Transfection Booster #3; Experimental Procedures). The

Control LY Wort PTX
. T —r —r —1r 1
LPACIORM) - + - « & - . . . . .
SIP(IuM) - - + - - & . . e oL s
' I - — _...1 - p-5473-Akt
| — | -p-Ta0s-Akt
i._.—.._.._._.__ —— ......_.__-.—I ~Totat Akt

Fig. 3. PI3-K- and G-dependent Akt S473 and T308 phosphorylation by
LPA and S1P. HEY cells were pretreated with 10 uM LY294002 (LY) or
- 150 nM wortmannin (Wort} for 30 min, or 100 ng/m! PTX for 16 h before
treatment with LPA (10 uM) or S1P (1 uM) for 20 min. Cell lysates were
collected and analyzed for 5473 and T308 phosphorylation of Akt, as well
as total Akt, by Western blotting. The Western analysis shown is a
representative example of at least three independent experiments.

overexpression of genetically altered MEK or p38 was evi-
denced by Western blot analysis (Fig. 4B, 7 and 8). Consis-
tent with the results induced by pharmacological inhibitors
(Fig. 4A, 1 and 2), Akt S473 and T308 phosphorylation in-
duced by LPA and S1P was inhibited ~70 to 80% by MEK/2A
(Fig. 4B, 1 and 2). Transfection with p38/AGF resulted in
decreased Akt 473 but not T308 phosphorylation (Fig. 4B, 1
and 2). In addition, transfection with MEK/2A resulted in i
decreased ERK and p38 activation, whereas transfection
with p38/AGF inhibited only p38 (~80%), not ERK (< 15%),
phosphorylation (Fig. 4B, 4 and 5). These results confirmed
the data obtained from pharmacological inhibitors and indi- -
cate that 1) activation of both MEK and p38 MAPK are
necessary for the S473 phosphorylation of Akt; 2) activation
of MEK, but not p38 MAPK, is necessary for the T308 phos-
phorylation of Akt; 3) MEK acted upstream of p38; and 4)
ERK activation, in the presence of kinase inactive p38, was
not sufficient to activate Akt in HEY cells. Therefore, these
data suggest that the action of MEX was mediated through
p38 to ultimately lead to Akt S473 phosphorylation induced
by LPA and S1P in HEY cells. ‘ .

To determine whether activated MEK and/or MKK6 (an
upstream activator of p38) were sufficient to phosphorylate
Akt at 8473 and/or T308, we transfected HEY cells with
constitutively active MEK (MEK/2E) and MKK6 (MKK6/2E).
Interestingly, although both MEK/2E and MKK6/2E were
sufficient to induce phosphorylation of Akt at S473, neither
could stimulate T308 phosphorylation in the absence of stim-
uli (Fig. 4C, 1 and 2). These data indicate that MEK is both
necessary and sufficient for S473 phosphorylation and nec-
essary but insufficient for T308 phosphorylation of Akt. -

Because our data indicated that MEK acted upstream of
p38, we examined whether the activation of MEK was suffi-
cient to activate p38 and whether MKK6 had any effect on
p38 and ERK activation. Results show that in addition to
Akt, MEK/2E was also sufficient for ERK and p38 activation
(Fig. 4C, 4 and 5). On the other hand, MKK6/2E activated
p38 (Fig. 4C, 5), but did not affect either the basal level or
LPA/S1P-induced ERK phosphorylation (Fig. 4C, 4).
Whereas the potency of p38 activation by MEK/2E was sim-
ilar to the levels induced by LPA and S1P, it was lower than
that induced by MKK6/2E (compare lanes 4-6 with lanes 7-9
in Fig. 4C, 5). These results further confirmed that MEK was
upstream of p38 and MEK was capable of activating p38 in
HEY cells, although not as strongly as constitutively active
MKKs. ‘

We have shown that Akt S473 and T308 phosphorylation
induced by LPA and S1P were dependent on both G; and
PI3-K (Fig. 3). To determine whether ERK and p38 were
downstream of G; and PI3-K, we tested the effects of PTX and
LY294002 on LPA- and S1P-induced ERK and p38 activa-
tion. Inhibition of G; or PI3-K with PTX or LY294002, respec-
tively, inhibited LPA- and S1P-induced activation of ERK
and p38 (Fig. 4D), suggesting that both G, and PI3-K are
upstream of ERK and p38. PI3-K-dependent ERK/p38 acti-
vation was further confirmed by overexpression of constitu-
tively active PI3-K, which was sufficient for activation of
ERK and p38 in HEY cells (Fig. 4E). Furthermore, treatment
with both PD98059 and SB203580 could inhibit induction of
phosphorylated Akt by constitutively active PI3-K (Fig. 4F),
indicating that PI3-K is dependent on MEK and p38 for Akt
5473 phosphorylation. This was confirmed by overexpression
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Fig. 4. MEK- and p38 MAPK-dependent Akt S473 phosphorylation and MEK-dependent Akt T308 phosphorylation by LPA and S1P. Western analyses
. of HEY cell lysates probed with p-S473-Akt, p-T308-Akt, phospho-specific ERK (p-ERK), phospho-specific p38 (p-p38), total Akt, or total ERK
antibodies, A, HEY cells were pretreated with 30 uM PD98059 (PD) or 10 xM SB203580 (SB) for 30 min followed by treatment with LPA (10 M) or
S1P (1 uM) for 10 min (p-ERK, p-p38) or 20 min (p-Akt). B, HEY cells were transiently transfected with control vector, dominant-negative MEK
(MEK/2A), or kinase inactive p38 MAPK (p38/AGF), and then treated with LPA (10 M) or S1P (1 uM) for 10 min {p-ERK, p-p38) or 20 min (p-Akt).
. C, HEY cells were transiently transfected with control vector, constitutively active MEK (MEK/2E), or constitutively active MKK6 (MKK6/2E) and
then treated with LPA (10 uM) or S1P (1 uM) for 10 min (p-ERK, p-p38) or 20 min (p-Akt). D, HEY cells were pretreated with 100 ng/ml PTX or 10
uM LY294002 (LY) for 16 h or 30 min, respectively, followed by treatment with LPA (10 pM) or S1P (1 uM) for 10 min. E, HEY cells were transiently
transfected with constitutively active PI3-K (CA PI3-K). F, HEY cells overexpressing CA PI3-K or vector control were treated with 30 M PD98059
- (PD) or 10 uM SB203580 (SB) for 30 min. Each Western analysis shown is a representative example of at least three independent experiments.
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of genetic inhibitors (MEK/2A and p38/AGF), which also
resulted in a decrease in Akt phosphorylation by constitu-
tively active PI3-K (data not shown).

MEK-Dependent Akt S473 Phosphorylation Is Spe-
cific to LPA, S1P, and PDGF, but Not Thrombin, EGF,
Et-1, or Insulin. The kinase activity of Akt was =90% in-
hibited by SB203580 (Fig. 1) and the phosphorylation of Akt
5473, but not T308, was sensitive to both SB203580 and
transfection with MEK/2A, suggesting that S473 phosphor-
ylation was essential for the majority of the Akt kinase ac-
tivity in this system. Therefore, we focused the rest of our
studies on the mechanisms of Akt S473 phosphorylation in-
duced by LPA and S1P. Akt can be activated by a variety of
growth factors through their receptors, as well as via a num-
ber of GPCR ligands. We sought to determine whether MEK-
dependent 8473 phosphorylation of Akt in HEY cells was
specific to LPA and S1P. Treatment of HEY cells with PDGF
(10 ng/ml), thrombin (1 U/ml), EGF (10 ng/ml), Et-1 (100
nM), or insulin (100 nM) for 5 min induced S473 phosphor-
ylation of Akt (Fig. 5A). The phosphorylation of Akt by all five
of these stimuli was PI3-K-dependent as evidenced by pre-
treatment with LY294002 (data not shown). Pretreatment of
cells with SB203580 (3—-10 uM) resulted in inhibition of Akt
5473 phosphorylation induced by PDGF, EGF, thrombin, and
Et-1, but not insulin, indicating that p38 activation is re-
quired by most stimuli tested (Fig. 5A). In contrast, of these
- factors tested, only PDGF required activation of MEK for
5473 phosphorylation of Akt as evidenced by the sensitivity
of this activation to pretreatment with PD98059 (Fig. 5A),
suggesting that MEK-dependent Akt S473 phosphorylation
is stimulus-specific. This was further supported by transient
transfection with MEK/2A, which resulted in decreased Akt
- 5473 phosphorylation by PDGF but not Et-1, even though the
latter also activated ERK, which was sensitive to the domi-
nant inhibitory effect of MEK/2A (Fig. 5B).
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Fig. 5. Stimulus-specific S473 phosphorylation of Akt. Western analyses
of HEY cell lysates probed with p-S473-Akt, and then reprobed with
p-ERK or total Akt antibodies. A, cells were pretreated with 30 uM
PD98059 (PD) or 10 uM SB203580 (SB) for 30 min followed by treatment
with thrombin (1 U/ml), EGF (10 ng/ml), insulin (100 nM), Et-1 (100 nM),
. or PDGF-BB (10 ng/ml) for 5 min. B, cells iransiently transfected with
MEK/2A were treated with Et-1 (100 nM) or PDGF-BB (10 ng/ml) for 5
min.

LPA, but Not S1P or PDGF, Requires Rho for S473
Phosphorylation of Akt, and Rho Is Upstream of PI3-K,
To test the potential involvement of Rho in Akt S473 phos-
phorylation induced by LPA, S1P, and PDGF, we transiently
transfected HEY cells with dominant negative Rho (Rho/
N19) or C3-exoenzyme. Interestingly, overexpression of Rho/
N19 or C3-exoenzyme resulted in decreased Akt S473 phos-
phorylation by LPA, but not S1P (Fig. 64, 1). Furthermore,
LPA, but not S1P, required Rho for phosphorylation of ERK
and p38 (Fig. 6A, 3 and 4). Similar to S1P, overexpression of
Rho/N19 did not inhibit PDGF-induced Akt S473 phosphor-
ylation (Fig. 6B). Transfection with constitutively active Rho -
(Rho/V14) demonstrated that Rho was sufficient for S473
phosphorylation of Akt in HEY cells (Fig. 6C, 3rd column).

To determine whether Rho acted upstream or downstream
of PI3-K, HEY cells transfected with Rho/V14 were treated
with LY294002. This treatment resulted in abolishment of
S473 phosphorylation of Akt by Rho/V14 (Fig. 6C), suggest-
ing that Rho is upstream of PI3K. This was further confirmed
A Rho/N1g c3
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Fig. 6. Rho-dependent 8473 phosphorylation of Akt by LPA but not S1P
or PDGF. Western analyses of HEY cell lysates probed with p-S473-Akt,
p-ERK, p-p38, total Akt, or total ERK antibodies. Cells were transiently
transfected with control vector, dominant-negative Rho (Rho/N19), or
C3-exoenzyme (C3) (A, B), constitutively active Rho (Rho/V14) (C), or
Rho/N19 and or constitutively active PI3-K (CA PI3-K) (D). A, transfected
cells were treated with LPA (10 pM) or S1P (1 uM) for 10 min (p-ERK,
P-p38) or 20 min (p-Akt). B, transfected cells were treated with PDGF (10
ng/ml) for 10 min. C, transfected cells were treated with LY294002 (10
M) for 30 min after transfection.
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I;y co-transfection of Rho/N19 and constitutively active
PI3-K, in which Rho/N19 had no effect on the increased Akt

5473 phosphorylation by constitutively active PI3-K (Fig.

6D).
. MEK/ERK-Dependent Akt S473 Phosphorylation Is

Cell Line-Specific. In contrast to what we have observed in
HEY cells with LPA and S1P, the S473 phosphorylation of

Akt induced by fMLP, Fc-yR cross-linking, or PIP, in human

" neutrophils was insensitive to pretreatment with PD98059

(Rane et al., 2001). To determine whether this MEK-depen-
dent 8473 phosphorylation of Akt by LPA and S1P was
cell-type-specific, we tested five other ovarian cancer cell
lines (Ovca420, Ovcad29, Ovead32, Ovcad33, A2780), three

- breast cancer cell lines (MDA-MB-231, T-47D, and GI-1014A),

and Hela (cervical cancer), PC-3 (prostate cancer), and
MCF10A (immortalized breast epithelial) cells. In all cell
lines tested, except the immortalized breast MCF10A cell
iine (Fig. 7C), LPA and S1P induced a 1.7- to 10.1-fold in-

crease in Akt 5473 phosphorylation (Table 1). Whereas -
- MCF10A cells were the only cells in this study that did not

respond to LPA/SIP for Akt phosphorylation, we have ob-
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Fig. 7. The effect of LPA/S1P on Akt S473 phosphorylation in Ovead20,
GI-101A, and MCF10A cells. Western analyses of cell lysates probed with
p-5473-Akt, and then reprobed with p-ERK or total Akt antibodies. Cells
were pretreated with 30 uM PD98059 (PD) or 10 »M SB203580 {SB) for
30 min followed by treatment with LPA (10 uM) or S1P (1 uM) for 20 min.
A, Ovcad20 cells; B, GI-101A cells; C, MCF10A cells. )

served that LPA and S1P can induce Akt activity in other
noncancerous cell lines (specifically, Swiss 3T3 cells or mouse
embryonic fibroblasts; unpublished observations). Thus, a
simple, generalized conclusion pertaining to the effects of
LPA and S1P on Akt induction in cancerous versus noncan-
cerous cells cannot be drawn through our limited studies.

Interestingly, we observed that Akt S473 phosphorylation
induced by LPA and S1P in all five ovarian cancer cell lines,
in addition to HEY cells, was sensitive to pretreatment with
both PD98059 and $B203580 (3-10 pM; =72% inhibition;
Table 1). In addition, HeLa and T-47D cells were also sensi-
tive to pretreatment with both inhibitors. Among the remain- -
ing cell lines, MCF10A cells were nonresponsive to LPA and
S1P (Fig. 7C), MDA-MB-231 cells were partially sensitive to
both inhibitors and PC-3 and GI-101A cells were sensitive to
only SB203580. These experiments have been repeated more
than three times in each cell line and the results (average *+
SD) are presented in Table 1. This data suggests that al-
though p38 was required for LPA/S1P-induced S473 phos-
phorylation of Akt in all 11 responsive cell lines tested, the
MEK-dependent Akt phosphorylation induced by LPA and
S1P is specific to certain cell lines. ‘

We tested the PD98059-insensitive cell lines to demon-
strate that LPA and S1P could activate ERK in these cell
lines, and the concentration of PD98059 used blocked ERK
activation in these cells (Fig. 7, A and B, and other data not
shown). Therefore, the insensitivity of LPA/S1P-induced Akt
phosphorylation to PD98059 was not due to either the inabil-
ity of LPA/S1P to induce ERK activation or a variation in cell
line sensitivity to PD98059. The results from Ovca420 (Fig.-
7A) and GI-101A (Fig. 7B) are shown as representative re-
sults from cells that were PD98059-sensitive and -insensitive
in LPA/S1P-induced Akt S473 phosphorylation, respectively.
In both of these cell lines, LPA and S1P induced ERK sacti-
vation, which was blocked by PD98059 but not by SB203580
(Fig. 7, A and B, middle).

The LPA/S1P Receptors Potentially Involved in Me-
diating the S473 Phosphorylation of Akt. Three [LPA,
(Edg-2), LPA, (Edg-4), and LPA; (Edg-7)] and five [S1P,
(Edg-1), S1P, (Edg-5), S1P, (Edg-3), S1P, (Edg-6), and S1P,
(Edg-8)] GPCRs have been identified as receptors for LPA
and S1P, respectively. To determine which of these receptors
might be associated with the MEK-dependent Akt activation
in different cell lines, we examined the expression of S1P,_g,
S1P;, and LPA,_; in all cell lines used in this study with
quantitative real time RT-PCR (Table 2). Because S1P, is
predominantly expressed in lymphocytes (Graler et al., 1998;
Van Brocklyn et al., 2000), and all of our cell lines are of
epithelial origin, the expression of this receptor was not
determined in our studies. The comparative threshold cycle
(Cp) method (Experimental Procedures) was used to calculate
the relative expression of each receptor in different cell lines.
We arbitrarily chose the expression level of LPA, in HEY
cells (relative to GAPDH in these cells) as 1-fold. The expres-
sion levels of all other receptors in HEY and all other cell
lines (relative to GAPDH in the corresponding cell lines) are

- expressed as fold-change relative to this 1-fold expression of

HEY LPA, (Table 2). The LPA/S1P receptor expression levels
in HEY cells obtained through our studies are consistent in
principle with the levels reported by Fischer et al. (2001),
using a semiquantitative RT-PCR method (Fischer et al.,
2001). In our studies, we considered 1-fold expression to be
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few, because LPA, was previously detected at a very low level
in HEY cells using a semiquantitative RT-PCR method (Fi-
scher et al., 2001). Thus, when the fold expression of the

" receptor was below 1.0 in our studies, we considered it to be
very low or not expressed.

All cell lines tested expressed at least one S1P and one LPA
receptor (Table 2). For the S1P receptors, S1P, was expressed
in a number of cell lines, such as HEY, Ovca429, and
Ovcad33, but it had a lower or no expression in both MEK-
dependent and -independent cell lines, such as A2780, HeLa,
T-47D, GI-101A, and PC-3. S1P, was expressed in the entire
set of cell lines used in this study but had a relatively lower
expression in HEY cells. S1P, had very low or no expression
in all of the cell lines, except Ovca420 and T-47D. Therefore,
S1P,, S1P;, and S1P; are unlikely to be the determining
receptor or the only determining factors for the MEK-depen-
dence of S1P in these cell lines. Interestingly, S1P; was
expressed in all of the cell lines used in these studies except
GI-101A and PC-3, which were MEK-independent. Whether
this was a simple correlation among the cell lines tested, or
whether S1P; represents a real molecular determinant for
MEK-dependent Akt activation by S1P requires further in-
vestigation. ,

For the LPA receptors (LPA, ;), LPA, was expressed in
most of the cell lines except HeLa, GI-101A, and MCF-10A
(Table 2). All cell lines tested expressed LPA,, although the
expression level of LPA, was low in HEY cells. Most cell lines
expressed LPA;, except Ovcad20 and T-47D. Furthermore,
the level of expression of LPA, was relatively lower in MCF-
10A cells. Apparently, a simple correlation between the ex-
pression pattern of LPA receptors and the MEK-dependent
Akt activation induced by LPA could not be made, suggesting
that factors other than receptors for LPA may play a critical
role in determining the signaling pathways leading to Akt
activation. ‘ '

- Caspase-3 Activity Induced by Paclitaxel in Hey
Cells Was Inhibited by LPA and S1P. Akt has been de-
scribed as a mediator of survival signals in many cell types
(Marte and Downward, 1997), including ovarian cancer cells
(Liu et al, 1998; Yuan et al., 2000). Furthermore, LPA has
been shown to prevent HEY cell death induced by cis-diam-

" minedichloroplatinum (Frankel and Mills, 1996). Because

TABLE 1

paclitaxel is a potent apoptotic inducer in many ovarian
cancer cell lines, we investigated the potential for LPA and
S1P to prevent paclitaxel-induced apoptosis in HEY cells and
whether the effect was related to the PI3-K signaling path-
way. We used a caspase-3 activity assay as a sensitive mea-
surement of the effect of paclitaxel on HEY cells. Caspase-3
activity was measured in HEY cells treated for various times
and concentrations of paclitaxel, and it was determined that
optimal caspase-3 activity occurred after 24 h treatment with
1 uM paclitaxel (data not shown). Pretreatment of cells for 20
min with LPA (10 uM) and S1P (1 uM) inhibited (=45%)
caspase-3 activity induced by paclitaxel (Fig. 8). Pretreat- -
ment with LY294002, PD98059, and SB203580, followed by
treatment with LPA and S1P, and then paclitaxel, reinstated
caspase-3 activity (Fig. 8). These results suggest that the
PI3-K/MEK/p38 signaling pathway mediates LPA/S1P-in-
duced inhibition of caspase-3 activity, which is the same
signaling pathway leading to LPA/S1P-stimulated Akt S473
phosphorylation in HEY cells. Therefore, Akt may mediate
the LPA/S1P-induced caspase-3 inhibition in HEY ovarian
cancer cells. A schematic of the pathways leading to Akt
activation by LPA and S1P in HEY cells is shown in Figure 9.

Discussion

Although the signaling pathways of p38, MEK/ERK, and
Akt activation induced by various stimuli, including LPA and
S1P, have been studied in many cellular systems, a number
of novel and important signaling mechanisms have been
revealed through the current study. First, our work indicates
for the first time that p38 is a relatively general requirement
for the S473 phosphorylation of Akt, with the exception of
insulin-induced Akt activation. The signaling mechanisms
leading to p38 activation, however, seem to be highly cell
line- and stimulus-specific. Second, we have observed LPA/
S1P-induced cross communication between the two major
kinase cascades (MAPK and PI3-K/Akt) involved in cell pro-
liferation and cell survival, respectively, in ovarian cancer
cells. Finally, our study reveals a cell line- and stimulus-

- specific MEK-dependent Akt activation, and we have ex-

plored the potential role of LPA and S1P receptors that
confer a MEK-dependent Akt activation.

Summary of MEK/p38-dependent or -indeyendent Akt 5473 phosphorylation in cells i
Cells were pretreated with PD98059 (30 uM) or SB203580 (10 uM) for 30 mi'n, then treated with LPA (10 uM) or S1P (1 M) for 20 min. Western analyses of cell lysates

were probed with phospho-specific Akt 5473 or Akt antibodies. Fold-change in Akt phosphorylation is normalized to the levels of total Akt,
' Change in Akt 5473 Inhibition by PD98059 Inhibition by SB203580
Cell Type Cell Line Phosphorylation :
LPA S1P LPA S1P LPA S1P
-fold % % )
Ovarian Cancer HEY 8209 10112 94 x5 91*6 99+ 1 99 +1
Ovead20 39x13 36x14 78+ 10 79+ 8 83+ 10 88+8
Ovead29 23=07 24*05 83=xs5 92+ 4 99 +2 99 =x1
Ovcad32 39x11 44 *+08 808 88+3 80«9 94 +8
Ovead3ds 23+03 2.8 +0.7 77+5 88 x4 92 x5 97+ 4
A2780 26x02 3704 785 84=*8 858 923
Other Hela 51+14 6421 897 86 + 10 97+ 2 99 +1
MCF10A 1.1+02 092+01 N.A. N.A. N.A. NA. |
MDA-MB-231 33x15 40x11 20%5 27x6 40+ 3 385
T-47D 5207 43=09 92=*5 90 +3 97+ 2 95+ 4
GI-101A 6.8 +24 58=+12 0x10 0x10 8010 963
PC-3 1.7x03 1702 0x10 0x10 96+ 8 93 +12

N.A,, not applicable.
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" p381Is a Relatively General Requirément for the S473
Phosphorylation of Akt. Full activation of Akt requires

. Phosphorylation at both S473 and T308, which is usually

regulated by different signaling mechanisms (Alessi et al.,
1997; Pullen et al., 1998). T308 is phosphorylated by PDK1,
which has been cloned and identified (Alessi et al., 1997). Our
current understanding of the mechanism of $473 phosphor-
ylation and the identification of PDK2 is still elusive and

- controversial. At least four different kinases have been sug-

gested to be potential candidates of PDK2: Akt itself, PDK1,
ILK1, and MK2 (Chan and Tsichlis, 2001). Because S473 can
be phosphorylated when Akt is inactive, Akt autophosphor-

 ylation clearly cannot account for all of the S473 phosphory-

lation induced under different conditions. Although it has

~ been suggested that PDK1 can acquire PDK2 activity, PDK1

is not necessary for S473 phosphorylation, which ean occur
even in PDK1l-knockout ES cells. In cells stimulated with

insulin, ILK is activated and enhances S473 phosphorylation

through a PI3-K-dependent mechanism. However, it is likely
that ILK may contribute indirectly to S473 phosphorylation

TABLE 2

Relative quantitation of Edg receptors in a variety of epithelial cells

The relative expression of LPA, in HEY cells was chosen as 1-fold. The relative

amounts of other receptors are expressed as a fold change compared with LPAy in
HEY cells.

gaacCT

S1P Receptors LPA Receptors
Cell Line 81P, S1P, B51P, S1P; LPA, LPA, LPA;
HEY 4.2 11 3.0 0.3 22 10 78
Ovcad20 0.3 104 4.8 145 1724 214 02
Ovcad29 3.7 116 264 - 04 126 49 19
QOvcad32 1.1 83 469 0.2 159 6.1 130
Ovead33 156 7.5 1.6 0.3 60 23 18
A2780 08 185 216 . 08 62 39 178
HeLa 0.0 4.6 6.0 0.4 00 14 28
MCF10A 0.2 1.6 1.5 0.1 0.7 107 08
MDA-MB-231 0.1 4.3 2.1 0.1 839 58 19
T-47D 0.0 7.8 114 7.9 373 284 0.1
- GI-101A 00 103 0.3 04 0.1 115 1587
PC-3 0.1 1.9 0.1 0.0 375 29 299

Cr = threshold cycle; A Cq = Cq for target gene — Cy for GAPDH gene; AACy =

- & Crrelative to HEY LPA, (4 Cy for target gene in test cell line - A4 Cyp for LPA; in

HEY cells); 2% # “T = measurement of expression of target gene relative to LPA,in
HEY cells. :
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Fig. 8. LPA and S1P reduced paclitaxel-induced caspase-3 activity. HEY
cells were pretreated with 30 uM PD98059 (PD), 10 uM SB203586 (SB),
or 10 uM LY294002 (LY) for 30 min, then treated with LPA (10 uM) or
S1P (1 uM) for 20 min, followed by exposure to paclitaxel (1 xM) for 24 h.

- Caspase-3 activity was determined by cleavage of the fluorogenic sub-

strate, N-acetyl-Asp-Glu-Val-Asp-amino-4-methylcoumarin. ***, p
<0.001 (Student’s ¢-test).
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of Akt by providing an adaptor function. The major obstacle
for recognizing MK2 as one of the PDK2 candidates arises
from the fact that MK2 is not involved in $473 phosphoryla-
tion induced by insulin in HEK 293 cells (Alessi et al., 1996).
However, the recent work by Rane et al. (2001) illustrates the
possibility that MK2 functions as PDK2 under certain con-
ditions. Our data seem to support works from both Alessi et
al. (1996) and Rane et al. (2001) suggesting that at least two
types of signaling pathways are involved in S473 phosphor-
ylation. One type of signaling pathway, which does not re-
quire MK2 and/or p38 for S473 phosphorylation, may be
represented by cells that respond io insulin, insulin-like -
growth factor, heat shock, or hydrogen peroxide (Shaw et al.,
1998). Another signaling pathway, in which MK2 functions
as PDK2, may be represented by cells, such as neutrophils,
stimulated by fMLP, Fc-yR cross-linking, PIP; (Rane et al.,
2001), and other potential stimuli.

We found that the activation of p38 seems tobe a relatively
generic requirement for Akt phosphorylation at 8473, in that
all 11 cell lines and most stimuli that we tested were

- SB203580-sensitive (Table 1). On the other hand, T308 phos-

phorylation induced under these conditions does not require
p38 activation, suggesting that p38 is involved in the regu-
lation of PDK2, but not PDK1, activity. We did not provide
direct evidence in this study as to whether MK2 (or a differ-
ent downstream target of p38) or p38 itself functions as
PDK2 in these systems. However, a rather general require-
ment of p38 for efficient S473 phosphorylation, and the spe-
cific requirement of MEK/ERK signaling for efficient phos-
phorylation of both S473 and T308 by LPA, S1P, and PDGF
in a number of cells lines have revealed the important link
between MAPK and PI3K-Akt signaling pathways.

T308 is directly phosphorylated by PDK1 (Alessi et al.,
1997). Our work suggests that MEK may be involved, either
directly or indirectly, in the regulation of the action of PDK1.
Whereas the mechanism of the MEK requirement for T308
phosphorylation remains to be investigated, a potential con-
nection between MEK/ERK and PDK1 has recently been
implicated (Frodin et al., 2000). The 90-kDa ribosomal S6
kinase-2 (RSK2), which is activated by ERK-type MAPKs,
has been shown to be an activator of PDK1 (Frodin et al.,
2000). Interaction with ERK-stimulated S386-phosphory-

s1P
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Fig. 9. Schematic of LPA/S1P-induced Akt activation in HEY ovarian
cancer cells. Solid arrows indicate activation of signaling molecules but do
not exclude mediation of this activation by additional effectors. A dashed
arrow indicates that the relationship between the effector and activated
molecule was not directly tested in this study. MK2 may function as
PDK2 in our system, although this was not directly tested. *, dominant-
negative and/or constitutively active alleles were used to study the in-
volvement of that signaling molecule in this study. C3, C3-exoenzyme;
LY, LY294002; PD, PD98059; PTX, pertussis toxin; SB, SB203580; Wort,
wortmannin.
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“lated RSK2 led to autophosphorylation of PDK1 and in-
- creased PDK1 activity. However, the main regulators of

PDK1 are likely to be phosphatidylinositol-(3,4)-biphosphate

+ and/or PIP;, and therefore MEK (or ERK) activation itself is

insufficient to induce PDK1-mediated T308 phosphorylation
of Akt. -

The Signaling Pathways That Regulate p38 Activity
Seem to Be Highly Specifie. For example, although PI3-K
is required for Akt activation in both keratinocytes (Zhang et
al,, 2001) and HEY cells (Fig. 1), we show that PI3-K is both
necessary and sufficient to induce ERK and p38 activation in
HEY cells (Fig. 4), whereas in keratinocytes, p38 is activated
by a PI3-K-independent pathway (Zhang et al., 2001). Thus,
p38 activation can be PI3-K-dependent or -independent, de-
pending on the system. Furthermore, our results show that
MEK is an upstream activator of p38 in MEK-dependent
(and hence, p38-dependent) cellular systems. In MEK-inde-
pendent cellular systems, p38 is still required for Akt acti-

- vation. Thus, our results suggest that p38 can be activated by

MEK-dependent or -independent pathways. The mechanisms
regulating p38 activity in different systems require further

- investigation.

- MEK/ERK and p38 are generally activated in parallel, not
linear, signaling pathways (Cano and Mahadevan, 1995).
The potential for MEK to act upstream of P38 has only been
documented in two previous publications. Constitutively ac-
tive MEK stimulates p38 in PC-12 cells (Morooka and
Nishida, 1998); and MEK is required for Ras signaling to the
p38 pathway (Chen et al., 2000). Furthermore, Chen et al.
(2000) showed that MEK is necessary for, but MEK/2E is not
capable of, p38 activation for Ras signaling in NTH3TS cells.
Here, we show that MEK is not only necessary for, but also
capable of inducing p38 activation at levels comparable with
those induced by LPA and S1P (Fig. 4C), suggesting that
activation of p38 by LPA and SIP is mainly mediated
through MEK activation. , ’

Cross Communication between the MAPK and PI3-
K/Akt Cascades. Although simultaneous stimulation of the
ERK and PI3-K/Akt pathways has been reported previously,
the requirement of MEK/ERK for Akt activation was either
not examined or MEK/ERK and Akt were shown to be unre-
lated to each other. One of the novel and important findings
of our work presented here is that MEK is a necessary and
sufficient activator of Akt, and MEK functions upstream of
p38 in G;/PI3-K/Akt signaling in a cell- and stimulus-specific
manner. In particular, all six ovarian cancer cell lines tested
demonstrate MEK/ERK-dependent Akt activation. These
studies have revealed an integration of two important sig-
naling pathways (MAPK and PIS-K/Akt) that govern two
important tumorigenic processes (cell proliferation and sur-
vival, respectively). This is of potential therapeutic impor-
tance for ovarian cancer because both LPA and S1P 1) have
been detected in ovarian cancer plasma and ascites (Xiao et
al., 2000; Xiao et al., 2001), 2) protect ovarian cancer cells
from paclitaxel-induced apoptosis in a manner dependent on
the MAPK and PI3-K pathways (Fig. 8}, 3) regulate pro-
angiogenic factors in ovarian cancer (Hu et al,, 2001;
Schwartz et al., 2001) and 4) affect ovarian cancer cell pro-

liferation, migration, and/or survival (Xu et al., 1995a, 2001;

Frankel and Mills, 1996; Hong et al., 1999; Lu et al., 2002).
MEK-Dependent Akt Phosphorylation Is Cell Line-
and Stimulus-Specific. Our study reveals a cell line- and

stimulus-specific MEK-dependent Akt activation. Interest-
ingly, while this article was in preparation, a MEK-depen-
dent Akt activation by ultraviolet B irradiation was reported
by Nomura et al. (2001). Thus, our results are consistent with
these recent findings. However, although Nomura et al., re-
ported a MEK- and p38-dependent T308 phosphorylation of
Akt by ultraviolet B radiation in mouse epidermal cells (No-
mura et al., 2001), our results show for the first time that Akt
T308 phosphorylation is dependent on MEK, but not P38, in
HEY cells. Thus, similar to MEK-induced Akt S473 phos-
phorylation, the requirement of p38 activity for Akt T308
phosphorylation may be cell line- and/or stimulus-specific -
and remains to be further investigated.

As an initial step to understanding the molecular basis for

~conferring the cell line-specificity of LPA/S1P-induced MEK-

dependent or -independent Akt activation, we examined the
expression of LPA/S1P receptors in the cell lines used in this
study (Table 2). For the LPA receptors, a simple correlation
between any of three identified LPA receptors (LPA ;) with
MEK-dependent or -independent cell lines was not revealed
through our studies. These results suggest that although
LPA,, LPA,, and/or LPA; may mediate LPA-induced Akt
activation, at least one additional cellular factor is required
to determine MEK dependence. In contrast, for S1P recep-
tors, S1P; is potentially implicated as mediating MEK/p38-
dependent Akt activation by S1P. S1P; is expressed in all of
the cells that required, either partially or completely, both
MEK and p38 for S1P signaling to Akt, and it is not ex-
pressed in the cells (PC-3 and GI-101A) that did not require
MEK. In both PC-3 and GI-101A cells, S1P, is the only S1P
receptor that is significantly expressed, indicating the possi-
bility that a MEK-independent Akt stimulation by S1P is
mediated through S1P,. These implications remain to be
further investigated.

In summary, this study has provided novel aspects related
to LPA- and S1P-induced ERK, p38, and Akt signaling. In
particular, these findings are of potential pathophysiological
importance for understanding the overall involvement of the
MAPK and PI3-K/Akt pathways in tumorigenesis, as well as
for the development of novel therapies for ovarian cancer.
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_ Abstract Na!uralif occurring alkyl- and alkenyl-lysophos-

phatidic acids (al-LPAs) are detected and elevated in ovarian
cancer ascites compared with ascites from non-malignant dis-
eases. Here we describe the biological functions and signal-
ing properties of these ether-linked LPAs in ovarian cancer

‘cells. They are elevated and stable in ovarian cancer ascites,

which represents an in vivo environment for ovarian cancer

- cells. They stimulated DNA synthesis and proliferation of

ovarian cancer cells: In addition, they induced cell migration
and the secretion of a pro-angiogenic factor, interleukin8
(IL-8), in ovarian cancer cells. The latter two processes are
potentially related to tumor metastasis and angiogenesis, re-
spectively. Al-LPAs induced diverse signaling pathways in
ovarian cancer cells. Their mitogenic activity depended on
the activation of the G;, protein, phosphatidylinositol-3 ki-
nase (PI3K), and mitogen-activated protein (MAP) kinase
kinase (MEK), but not p38 mitogen activated protein kinase
(MAP kinase). 5473 phosphorylation of protein kinase B
(Akt) by these lipids required activation of the G;, protein,
PI3K, MEK, p38 MAP kinase, and Rho. However, T308
phosphorylation of Akt stimulated by al-LPAs did not re-
quire activation of p38 MAP kinase. On the other hand, cell
migration induced by al-LPAs depended on activities of the
Gy, protein, PI3K, and Rho, but not MEK.ES These data

'suggest that etherlinked LPAs may play an important role

in ovarian cancer development.—-Lt:,lj,, Yy, Xiao, L. M.
Baudhuin, G. Hong, and Y. Xu. Role of ether-linked Iyso-
phosphatidic acids in ovarian cancer cells. /. Lipid Res.
2002. 43: 463-476.

Supplementary key words protein kinase B « mitogen activated pro-
tein kinase «alkyl-lysophosphatidic acid + alkenyl-LPA + ovarian cancer

Lysophosphatidic acid (LPA) is a bicactive lysolipid that

.~ is involved in a broad range of biological processes in a
~ variety of cellular systems (1, 2). LPA induces cell pro-

liferation or differentiation, prevents apoptosis induced

by stress or stimuli, induces platelet aggregation and smooth

muscle contraction, and stimulates cell morphologic
changes, cell adhesion, and cell migration (1-5). LPA has
been shown to be involved in angiogenesis, wound heal-
ing, and inflammatory processes (6-15). LPA exerts many
of its effects by binding to G protein-coupled receptors
(GPCRs), resulting in a cascade of intracellular signaling

activations (2, 16). Three endothelial differentiations genes
[endothelial differentiations gene (Edg) 2, 4, and 7] have
been identified as receptors for LPA (7, 17-19). LPA stim-
ulates Grmediated extracellular mitogen-regulated kinase
(ERK) and phosphatidylinositol 3-kinase (PI3K)-protein
kinase B {Akt) activation, Gq-mediateéi phospholipase C
(PLC) and protein kinase C {PKC) activation, and Gio/is
mediated Rho activation (1, 2).

We have previously identified a growth-stimulating fac-
tor, ovarian cancer activating factor (QCAF), in ascites
from patients with ovarian cancer. OCAF is composed of
various species of LPAs (with different fatty acid side
chains) (20). OCAF and synthetic 18:1-acyl-LPA stimulate
growth of ovarian, breast, and Jurkat cells (21, 22). Acyl-
LPA (18:1) also regulates other cellular activities. It enhances
cell adhesion/attachment (23), stimulates interleukin-8
(IL-8) production from ovarian cancer cells (24}, and syn-

ergizes with other agents, such as thrombin agonists, nor-

adrenaline, ADP, and arachidonic acid, to induce strong
platelet aggregation (5). LPA has been shown to decrease
cisdiamminedichloroplatinum-induced cell death (25),
prevent cell apoptosis {26), and induce urokinase secre-
tion (27) and vascular endothelial growth factor expres-
sion in human ovarian cancer cells (15). In addition, we
have shown that acyl-LPAs are elevated in plasma from pa-
tients with ovarian cancer and may represent a useful
marker for the early detection of ovarian cancer (28).

Abbreviations: Akt, protein kinase B; al-LPAs, alkyl- and alkenyl-lyso-
phosphatidic acids; Edg, endothelial differentiations gene; ECL, en-
hanced chemiluminescence; ERK, extracellular mitogen-regulated ki-
nase; ESIMS, elecwrospray ionization mass specromeuy; GPCR, G
proteincoupled receptor; IL-8, interleukin-8; LPA, lysophosphatidic acid;
MAP kinase, mitogen activated protein kinase; MEK or MKK, MAP kinase
kinase; MSMS, mndem mass spectrometry; MRM, multiple reaction
monitoring; MTT, 3-(4,5dimethylthiazol-2+1)-2 5-diphenyltetrazolium
bromide; OCAF, ovarian cancer activating factor; PISK, phosphatdylinos-
itol 3-kinase; PLC, phospholipase C; PLD, phospholipase D; PKC, protein
kinase C; PTX, pertussis toxin; S1P, sphingasine-I-phosphate.
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There are three subclasses of LPA: acyl-, alkyl-, and alkenyl-
LPAs. The latter two subclasses of LPAs (al-LPAs) differ
from acyl-LPA in that the fatty acid chain is linked to the
glycerol backbone through an ether or a vinyl, rather than
an ester bond. The majority of research work on LPA
has been performed on acyl-LPAs (19, 29), although the
effect of synthetic alkyl-LPA on platelet aggregation was
reported decades ago (30). Most alkyl-LPA work was per-
formed using synthetic alkylLPA (30, 31), and the
naturally occurring al-LPAs have been reported only in re-
cent years (12, 32-34),

We have recently developed an electrospray ionization
mass spectrometry (ES[-MS)-based method to analyze lyso-
lipids in body fluids (35) and found that, in addition to
acyl-LPAs, ascites from patients with ovarian cancer contain
elevated al-LPAs (including 16:0-/18:0-alkyl-LPA and 16:0-/
18:0-alkenyl-LPA), when compared with ascites from pa-
tients with benign diseases and endometrial cancer (35).
These results implicate that al-LPAs may have potential
pathophysiological roles in ovarian cancer.

In the present study, we describe that al-LPAs were more
stable than acyl-LPAs in ascites. These lipids stimulated DNA
synthesis and proliferation of ovarian cancer cells through
Gy, PI3K-, and mitogen activated protein (MAP) kinase ki-
nase (MEK)-dependent pathways. Al-LPAs and acyl-LPAs in-
duced migration of ovarian cancer cells through collagen I-
coated membranes and this activity required the activation
of G;, and was partially dependent on PI3K activity. In addi-
tion, al-LPAs stimulated IL8 production. Similar to acyl-
LPAs as we observed recently (unpublished observations),
al-LPAs activated Akt kinase and induced a Rho-, PI3K-, and
MEK-dependent S473 phosphorylation of Akt.

MATERIALS AND METHODS

Chemicals

LPAs (16:0, 18:0, and 18:1), lyso-platelet activating factor (lyso-
PAF), and other lysophospholipids were purchased from Avant
Polar Lipids (Birmingham, AL). Lyso-plasmalogen phosphatidy!-
ethanolamine (alkenyl-LPE) was obtained from Matreya, Inc.
(Pleasant Cap, PA). LY294002, PD98059, and SB203580 were ob-
tained from Biomol (Plymouth Meeting, PA). Wortmannin was
obtained from Sigma (St. Louis, MO). Pertussis toxin (PTX) was
purchased from Life Technologies, Inc. (Rockville, MD). Pre-
coated silica gel 60 TLC plates were obtained from EM Science
(Gibbstown, NJ). HPLC grade methanol (MeOH), chloroform,
ammonium hydroxide, 3-(4,5-dimethylthiazol-21)-2,5-diphen-
yitetrazolium bromide (MTT), and hydrochloric acid (HCI)
were purchased from Sigma (St. Louis, MO) or Fisher Scientific
(Pitsburgh, PA). [*H]thymidine was from NEN Life Science
Products, Inc. (Boston, MA). Anti-phospho-5473-Akt, ant-phospho-
T308-Akt, anti-phospho-ERK, and anti-ERK were obtained from
Cell Signaling Technology (Beverly, MA). Anti-MEK2 and anti-
p38 were from StressGen (Victoria, BC, Canada). ‘

Cell lines and cell culture

HEY and SKOVS3 cells were from Dr. G. Mills (The University of
Texas M. D. Anderson Cancer Center, Houston, TX) and Ameri-
can Type Culture Collection (Manassas, VA), respectively, and
maintained in RPMI 1640 medium conuining 10% FBS at 37°C
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with 5% CO,. All cells were cultured in serum-free media for 18~
24 h prior to lipid treatment except in the cell migration experi-
ments. For transient transfections, cells were plated into 35 mm
dishes and transfected with DNA using LipofectAMINE (Life Tech-
nologies, Inc.) and Transfection Booster Reagents (Gene Therapy
Systems, San Diego, CA) according to the manufacturers’ instruc-
tions. Dominant negative MEK was from Dr. D. Templeton, Case
Western Reserve University. Kinase inactive p38 was from Dr.
Bryan R.G. Williams, Cleveland Clinic Foundation. The C3-exoen-
Zyme construct was provided by Dr. Alan Wolfman, Cleveland
Clinic Foundation. Dominant negative Akt was from Dr. Kumliang
Guom, University of Michigan.

Nonradioactive immunoprecipitation Akt kinase assay

The Akt kinase assay was performed with the Nonradioactive
Akt Kinase Assay Kit (Cell Signaling Technology, Beverly, MA)
according to the manufacturer's instructions. All reagents were
provided with the kit. Briefly, cells were treated with al-LPAs,
rinsed with ice-cold phosphate-buffered saline, and then lysed in
cell lysis buffer. Immunoprecipitation was carried out using im-
mobilized Akt 1G1 monoclonal antibody. The immunoprecipi-
tate was then incubated with GSK-3 fusion protein and ATP in
kinase buffer. Western analysis was used to determine the extent
of GSK-3 phosphorylation by active Akt using a phospho-GSK-3
«/B (Ser21/9) antibody.

Extraction and quantitation of alkyl-
and alkenyl-LPAs from ascites

Extraction of alkyl- and alkenyl-LPAs from ascites was per-
formed as described previously (83, 86). The stability of differ-
ent LPA species was tested. Briefly, ascites samples were stored at
4°C for different time periods and lipids in ascites were extracted
with chloroform and methanol in the presence of HCL The
chloroform phase was dried and lipids were separated on TLC
plates. Different LPA species were eluted from TLC plates with a
mixture of methanol and chloroform (2:1, v/v). ESI-MS and tan-
dem mass spectrometry (MS-MS) analyses for the quantitation of
alkyl- and alkenyl-LPAs were performed using a Micromass Quat-
wro II Triple Quadrupole Mass Spectrometer. All quantitative anal-
yses were performed in the multiple reaction monitoring (MRM)
mode as described previously (85).

Preparation of alkyl- and alkenyl-LPAs

Alkyl- and alkenyl-LPAs were prepared through hydrolysis of
the corresponding lyso-PAF or lyso-plasmalogen phosphatidyleth-
anolamine (alkenyl-LPE), respectively, by phospholipase D (PLD)
(Calbiochem, La Jolla CA). Briefly, 1 mg of alkenyl-LPE or lyso-
PAF was dispersed in 0.1 ml of 0.04 M Tris buffer, pH 8.0, contain-
ing 0.05 M CaCl, and 1% Triton-X100. After addition of the en-’
zyme (four units of PLD in 15 u! of 0.01 M Tris-HCl, pH 8.0), the
sample was mixed vigorously. The reaction vessel was sealed
tightly and the contents were rotated overnight at room tempera-
ture. After the incubation period, the mixture was extracted with
1.2 m! mixture of chloroform-MeOH-HCl (5:4:0.2, v/v/v). The
chloroform layer was evaporated under a stream of nitrogen and
the residue was dissolved in 30 pl chloroform-MeOH (1:2, v/v).
The substrate and the product were separated on a TLC plate
using a solvent system of chloroform-MeOH-NH,OH (65:35:5.5,
v/v/v) and the product was eluted from the plate by extracting
with 2 m! of chloroform-methano! (1:2, v/v) twice and then dried
under N,. The lipid product was identified and quantified by ESI-
MS and then dissolved in methanol to make a 1 mM solution.

DNA synthesis and MTT assays
HEY cells were plated in 96-well plates, serum-starved for 16—
24 h, and treated for 24 h with different concentrations of al-LPAs




in F12-DMEM (1:1, v/v) medium supplemented with 0.1% fawy
acid-free BSA, insulin, transferrin, and selenium. For the DNA
synthesis assays, the cells were incubated with 0.15 pCi/well
[*Hlthymidine for the last 18 h. Cells were harvested onto filter
papers presoaked in 1% polyethyleneimine using an automated
cell harvester, HARVEST 96 (Perkin-Elmer-Wallac, Inc.). Incor-
- porated [3H]thymidine was counted in a 1450 Microbeta Trilux
Liquid Scintillation and Luminescence Counter (Perkin-Elmer-
.. Wallac, Inc.). For cell proliferation, 3-(4,5-dimethylthiazol-2.v1)-

- 2,5diphenyltetrazolium bromide (MTT) dye reduction assays

were used. Twenty ul of MTT solution (3 mg/ml} was added 10 -

each well and incubated at 37°C for the last 6 h of lipid treat-
ment. The reduced MTT crystals were dissolved in 100 pl/well
of a mixture of DMSO and 95% ethanol {1:1, v/v). The color de-
veloped was read by a plate reader (SpectraMax 340, Molecular
Devices Corp, Sunnyvale, CA) 2t 595-655 nm.

. Western blotting

HEY cells were plated in 6-well plates in RPMI 1640 with 10%
., FBS, serum-starved overnight, and then weated with or without al-
. LPAsin serum-free media for the indicated times. Cells were lysed
on ice with Laemmli buffer containing 5% mercaptoethanol. The
. lysates were separated with 12% SDS-polyacrylamide gels and
 wransferred onto polyvinylidene difluoride membranes (Bio-Rad
Laboratories, Hercules, CA). Antibodies against $473 phosphory-
lated Akt, T308 phosphorylated Akt, or phosphorylated ERK1/2
were used to probe the membrane and the enhanced chemilumi-
nescence (ECL) system {Amersham Pharmacia Biotech Inc., Pis-
cataway, NJ) was used for detection. To normalize the amounts of
protein loaded in each lane, the membranes were stripped and re-
probed with antibodies against total Akt or ERK.

Cell migration assays ,

Chemotaxis was performed in a mini-Boyden chamber
{Neuro Probe, Inc., Cabin John, MD) using Nucleopore polycar-
bonate filters (8 wm pore size) coated with a type-I collagen solu-
tion (100 pg/mi) (Virogenl0Q, Collagen Corporation, Fre-
mont, CA}. Different concentrations of LPAs were added to the
lower chamber. Checkerboard assays were performed as de-
scribed by Okamoto et al. (37). HEY cells were starved for 3 h,
uypsinized and resuspended at a concentration of 2.5 X 10°
cells/ml in serum-free medium. The cell suspension (50 ul) was
- then placed in the upper chamber. After 4 h at 37°C, the cells

that attached to the filters were fixed in 100% methanol and

stained with Hematoxylin solution (Richard-Allan Scientific,

Kalamazoo, MI). Cells that migrated to the lower phase of the
. membrane were counted under the microscope.

IL-8 ELISA assays : ,

Cells were grown in 96-well plates, starved overnight, and
treated with lipids for 6 h. The supernatants were collected and
stored at —80°C. The IL8 concentration was measured using a
quantitative sandwich enzyme-linked immunosorbent assay
(ELISA) (R&D Systems, Minneapolis, MN) according to the
manufacturer’s protocol with minor modifications as described
previously (24). All analyses were carried out in triplicate. Opt-
cal densities were determined using a SpectraMax 340 plate
reader {Molecular Devices, Sunnyvale, CA) at 650490 nm.

RESULTS

Al-LPAs were more stable than acyl-LPAs in ascites
from patients with ovarian cancer ;
We have previously compared the lysolipid content in
15 pairs of ascites samples from patients with ovarian can-
cer and non-malignant diseases, and reported that al- LPAs
were elevated in ovarian cancer ascites (35). Four al-LPA
species were detected in ascites samples: 16:0- and 18:0-
alkyl LPAs, and 16:0- and 18:0-alkenyl-LPAs. The distribu-
tion of different al-LPA and acyl-LPA species in 15 ovarian
cancer and 15 non-malignant ascites samples is shown in
Table 1. al-LPA species in ascites account for approxi-
mately 12% of total LPAs (both al- and acyl-LPAs). We ob-
served that al-LPAs were more stable in ascites stored at 4°C
under sterile conditions (Fig. 14). The average halflives of
acyl-LPAs and al-LPAs in ascites stored at 4°C were approxi-
mately 12 months and more than 2 years, respectively (re-
sults obtained from five ascites samples) {Fig. 1B).

ALLPAs stimulated DNA synthesis and growth
of HEY ovarian cancer cells :
To determine the potential pathophysiological role of al-
LPAs in ovarian cancer cells, we first examined the effects of
al-LPAs on DNA synthesis and proliferation in HEY ovarian .
cancer cells. Alkyl-LPA (16:0) and 16:0-/18:0-alkenyl-LPA
(the ratio of 16:0 to 18:0 was approximately 1:1) were syn-
thesized as described in Materials and Methods. Figure 2
shows the spectra of synthesized 16:0-/18:0-alkenyl- and
16:0-alkyl-LPAs. Each preparation contained a small amount
of impurities, which were mainly derived from 16:0- and

TABLE 1. Swdstical anal)'sié of LPAs in 15 pairs of ascites samples from patients with ovarian cancer or non-malignant diseases®

‘Alkyl-LPA Alke A LPA .
" orLe Toul Adt: Total Total
16:0 180 16:0 18:0 al-LPAs 16:0 182 18:1 18:0 - acyl-LPAs LPAs
wM uM wM uM uM aM
~ QOvarian cancer ‘ }

* Minimum 0.3540 0.1046 0.0943 0.4688 1.0217 0.1498 0.0780 0.0017 0.0048 1.1002 2.6949
Maximum 3.8029 1.2483 0.6663 23318 = 7.1772 37.1935 3.7804 8.0704 11.1937 54.3211 59.6573
Mean 1.4800 0.6371 0.2906 1.3036 3.7113 11.2207 1.1806 2.4424 4.0650 18.9087 22.613¢
Median 1.2620 08577  0.2651 1.2278 36384 121470 0.4485 1.8458 1.7882 19.4320 22,5316

- Benign disease . - )

Minimum 0.0000 00000 00000 00164  0.042% 0.2779 0.0000  0.0392 0.0412 0.3966 0.4389
Maximum 0.4450 0.2541 0.0585 0.4081 1.1072 5.1070 0.9057 - .0.9932 0.6924 6.9865 7.5109
Mean 0.1430 00997 00082 01072 03380 1.8723 0.3325 0.3986 0.2582 2.8615 3.1956
Median 00928  0.0820  0.0000  0.0602 02287 1.3920 0.3129  0.3707 0.2199 2.3900 2.5705

*Sample collection, lipid extraction, and analyses were performed as described previously (335).
Luetal Etherlinked LPAs in ovarian cancer cells 465




A 16:0-acy-LPA

\ 18:0-aikeny-LPA

1 oo_ 409 18:1 acyl-LPA 0 month
] 18:0-alkyl-LPA K 10:09cy-LPA
Jeoacyra 436‘/
% ~jnternal ggmard 20:4-0cy1-LPA 16:0 scy+LPY
‘ . e . 599
0 T T T T Ty ™ T IAIKI )
1 - 409
00 6 months
] 436
%
] 421 599
. 395
1 s 457 481 ,
L e I BRAS B A e Moy na s sy s s b s
100~
] 12 months
o% 409
. 435 599
N 458 482 . 571 A
o | LI SR S M B TYTTT xl""l"‘:;l"r“l“' LR
100 18 months
o, ]
] 421
] 331395 437
0 MR RN DEAREREEEE BDEEREA ‘"l""l""l""l'j"1""l""lm/Z
350 . 400 450 500 5§50 600 650
Buo -
gloo
g
_-Eso
Totel stLPAs
g ®
b
3
-
20 < \
i--' Total acyt-LPAs
] T T T —

0 H 10 15 20
Time (month)

Fig. 1. Alkyl-and atkenyl-lysophosphatidic acids (al-LPAs) in ascites from ovarian cancer patients are more
stable than acyl-LPAs. Al-LPAs and acyl-LPAs from ascites samples were extracted and analyzed as described
in Materials and Methods. Five ascites samples from patients with ovarian cancer were stored at 4°C under
sterile conditions. LPAs from 0.5 ml of ascites were analyzed at the time intervals as indicated. A: Electrospray
ionization mass spectrometry (ESI-MS) spectra of LPAs from representative ovarian cancer ascites samples
analyzed at 0, 6, 12, and 18 months. B: The stability of LPAs in five ovarian cancer ascites samples.
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Fig. 2. The spectra of synthetic alkyl- and alkenyl-LPAs, al-LPAs were synthesized and analyzed as described in Materials and Methods. Al-
LPAs were resuspended in methanol and 20 gl of al-LPAs containing 50 pmol of 14:0-acyl-LPA (internal standard) was used for MS analyses.

18:0-acyl-LPAs. The relatively low amount (<10% and <5%

-in the alkyl-LPA and the alkenyl-LPA preparations, respec-

tively) of these impurities did not affect the activities tested
in this study. Starved HEY cells were incubated with differ-
ent concentrations of lipids (0.1-5.0 uM within the concen-
tration range detected in ascites from patients with ovarian
cancer) for 24 h. The effects of lipids on DNA synthesis were
assessed by addition of [*H]thymidine (0.15 u.Ci/well) and
the effect of lipids on cell proliferation was measured by
MTT dye reduction. Physiological concentrations of 16:0-

‘QM'
16000 1
14000 4
12000 A

[*H] thymidine incorporation

Lipid (uM)

alkyl-LPA (1-5 uM) and 16:0-/18:0-alkenyl-LPA (1-5 pM)
increased [*H]thymidine incorporation and MTT dye re-
duction to approximately 2-fold (Fig. 34 and B).

AL-LPAs activated ERK and Akt
We have shown in our recent studies that acyl-LPA induces

ERK, p38, and Akt activation in HEY cells (unpublished ob-
~ servations). We sought to examine the activation of ERK and

Akt induced by al-LPAs. Both alkyl- and alkenyl-LPAs acti-
vated Akt as assessed by an Akt kinase assay (Fig. 4A). West-

OD (595 - 655 nm)

Lipid (uM)

_ Fig. 3. Al-LPAsstimulated DNA synthesis in HEY cells. A: DNA synthesis was measured by using [3H] thymidine incorporation as described

in Materials and Methods. Starved cells were treated with al-LPAs (1-5 pM) for 24 . B: 3-(4,5dimethylthiazol-2-y1)-2,5diphenyltetrazofium

bromide (MTT) dye reduction was used to measure cell proliferation. Starved cells were treated with al-LPAs {1-5 pM) for 24 h. MTT solu-
tion was added and incubated at 37°C for the last 5 h of lipid treatment. :
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Fig. 4. Al-LPAsactivated extracellular mitogen-regulated kinase (ERK) mitogen activated protein kinase (MAP kinase) and protein kinase
B (Akt) in HEY and SKOV3 ovarian cancer cells. A: The kinase activity of Akt was performed with the Nonradioactive Akt Kinase Assay Kit
according to the manufacturer’s instructions. Starved HEY cells were treated with 2 uM al-LPAs for 30 min. B: Concentration-dependent Akt
(80 min) and ERK (5 min) phosphorylation by al-LPAs. HEY cells were serum-starved for 18-24 h before stimulation with lipids. C: The time
courses of ERK and Akt phosphorylation stimulated by alkyl-LPA (2 uM) or alkenyl-LPA (2 uM) for the indicated times in HEY cells. D: ERK
and Akt phosphorylation induced by al-LPAs in SKOV3 cells. Starved SKOV3 cells were treated with 2 uM al-LPAs for the indicated times.
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ern blot analyses of phosphorylated ERK and Akt {§473)
were performed after HEY cells were treated with alkyl- or
alkenyl-LPAs. Both alkyl- and alkenyl-LPAs (2 uM) in-
duced a concentration- and time-dependent activation of
ERK and a transient increase in the S473 phosphorylation
of Akt (Fig. 4B and C). The optimal concentrations were
© 5 uM and 1 uM for al-LPAs to activate ERK and Ak, re-
spectively (Fig. 4B). Concentrations higher than 5 pM
~ were not tested, since they are out of the physiological
concentration ranges of 2l-LPAs detected in ovarian can-
cer ascites (Table 1). The optimal times for induction of
ERK and Akt phosphorylation by alkyl-LPA were 1-5 min
and 30 min, respectively. Alkenyl-LPA induced maximal
phosphorylation of both ERK and Akt at 30 min (Fig. 4C).
Similarly, al-LPAs induced ERK and Akt phosphorylation
in another ovarian cancer cell line, SKOV3 (Fig. 4D).
Pertussis toxin (PTX, a G;/, inhibitor; 100 ng/mi) par-
tially, and two specific inhibitors of PI3K, LY294002 (10
M) and wortmannin (100 nM), completely inhibited the
activation of ERK and Akt induced by al-LPAs, suggesting
that a PTX-sensitive G protein and PI3K are involved in
phosphorylation of ERK and Akt (Fig. 5A and B).
Acyl-LPA-induced Akt activation is dependent on the
activities of both MEK and p38, which is both cell line and
stimulus specific (unpublished observations). In addition
to our work, this MEK-dependent Akt activation/phos-
phorylation has been shown very recently in ultraviolet
B-and serotonin-induced Akt activation (38, 39). To inves-
tigate whether al-LPAs activated the same signaling path-
ways as acyl-LPAs in HEY cells, we tested the effects of a
panel of pharmacological and genetic inhibitors on the
Akt phosphorylation induced by al-LPAs. Similar to acyl-
LPAs, Akt phosphorylation at 5473 was sensitive to both
PDOB059 and SB203580 (the specific inhibitors for
MEKI1/2 and p38, respectively) (Fig. 5C), suggesting that""
MEK, and potentially its downstream effector ERK, and
p38 were required for Akt phosphorylation at $473 by
al-LPAs. This was further confirmed by transfecting HEY
cells with dominant negative forms of MEK and p38
(MEK/2A and p38/AGF) (Fig. 5D). We have developed
an efficient transfection method in HEY cells (unpub-
lished observations). Using both LipofectAMINE and
Transfection Booster Reagents #3 (from Gene Therapy
System, Inc., San Diego, CA), the transfection efficiency
was increased from 15 * 4% to0 77 % 6% (unpublished ob-
-servations). Both these dominant negative forms of MAP
kinases blocked Akt activation induced by al-LPAs, indicat-
ing that both MEK and p38 activities are required for
- al-LPA-induced 8473 phosphorylation of Akt in HEY cells.
Since phosphorylation of both T308 and 5473 are nec-
essary for the full activation of Akt, we examined the abil-
ity of al-LPA to stimulate Akt T308 phosphorylation. Both
alkyl- and alkenyl-LPAs (2 uM) were able to induce an ap-
proximately 3-fold increase in Akt phosphorylation at
T308 in HEY cells (Fig. 5E). To determine whether phos-
phorylation at T308 required p38 MAP kinase, we pre-
treated cells with SB 203580 (0.5, 2.5, and 10 pM) followed
by wreatment with al-LPAs (Fig. 5E). Our results show that
0.5, 2.3, and 10 wM of SB203580 inhibited approximately

20%, 80%, and 100% phosphorylation at $473, respectively.
However, even at 10 uM, the phosphorylation of T308 was
not affected by SB 203380, suggesting that p38 MAP ki-
nase was not required for this phosphorylation.

We have shown that acyl-LPA, but not a structurally simi-
lar lipid, sphingosine-1-phosphate (S1P), induces Akt phos-
phorylation via a Rho-dependent pathway (unpublished
observations). We tested whether al-LPAs also require Rho
for induction of $473 phosphorylation of Akt. Transient
transfection of C3-exoenzyme, which blocks Rho activity,
completely abolished al-LPA-induced S$473 phosphoryla-
tion (Fig. 5F). Together, these results suggest that al-LPAs
stimulate the same or similar signaling pathways in HEY
cells as acyl-LPAs, and they may activate the same or simi-
lar receptors.

Activation of MEK/ERK, but not Akt, was required
for promoting DNA synthesis by al-LPAs in HEY cells

To explore the potential signaling pathways involved
in al-LPA induced DNA synthesis, we tested the effect of
PTX, LY294002, wortmannin, PD98059, and SB203580
on [*H]thymidine incorporation induced by alkyl- and -
alkenyl-LPAs (Fig. 6A). PTX inhibited approximately
70% and 45% of [*H]thymidine incorporation triggered
by alkyl-LPA and alkenyl-LPA, respectively, suggesting
that both PTX-sensitive and insensitive G proteins are in-
volved in this activity. LY294002 (10 pM), wortmannin
(100 nM), and PD98039 (30 uM) completely blocked
the al-LPA-stimulated DNA synthesis, suggesting that the
activity of PI3K and MEK is essential for the process. In
contrast, p38 activity was not required for DNA synthesis
induced by al-LPAs, since [*H]thymidine incorporation
was insensitive to the treatment of SB203580. This was
further confirmed by transfection with MEK/2A and
p38/AGF (Fig. 6B). Expression of MEK/2A completely
inhibited al-LPA-induced DNA synthesis (Fig. 6B). In

. contrast, expression of p38/AGF did not affect the DNA

synthesis induced by al-LPAs (Fig. 6B), indicating that
p38 was not required for DNA synthesis induced by
al-LPAs. Since 5473 phosphorylation of Akt required p38
activation (Fig. 5D), and p38 was not required for the

- DNA synthesis stimulated by al-LPAs, we predict that Akt

activation was not required for al-LPA-induced DNA syn-
thesis. To test this, we transfected the dominant negative
(dn) form of Akt into HEY cells and found that dn-Akt
did not affect [*H]thymidine incorporation induced by
al-LPAs as we predicted (Fig. 6B). These data suggest .
that al-LPA-induced MEK activation can lead to a p38-

and Akeindependent stimulation of DNA synthesis in
HEY cells.

Al-LPAs promoted ovarian cancer cell migration
through collagen I-coated membranes ;

Cell migration is critically important for tumor me-
tastasis. Acyl-LPA has been shown to induce cell migra-
tion of a number of cell types (fibroblasts, monocytes,
T-lymphoma, hepatoma, and endothelial cells) (40-48).
To test the effect of LPAs on ovarian cancer cell migra-
tion, we conducted Boyden chamber analyses. We found
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lation with lipid (2 £M; 30 min for p-Akt and 5 min for p-ERK). D: HEY cells were transiently transfected with control vector, dominant neg-
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phosphorylated Akt were detected by specific antibodies. F: $473 phosphorylation of Akt induced by al-LPAs was dependent on Rho activity.
HEY cells were transiently transfected with control vector, C3-exoenzyme (C3), and then treated with 2 uM al-LPAs for 30 min.

that both alkyl- and alkenyl-LPAs triggered cell migra-  LPA (Fig. 7A). To determine whether the enhanced cell
tion through collagen [ in a concentration-dependent  migration was due to chemokinesis (random motility)
manner, and alkenyl-LPA was more potent than alkyl-  or chemotaxis (directional motility), checkerboard analy-
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Fig. 5. (Continued)

ses were performed essentially as described by Okamoto
etal. {(37). The number of cells that migrated to the lower
phase of the membrane was réduced significantly as the
concentration gradient of al-LPAs decreased (Table 2), in-
dicating that al-LPAs mainly stimulated chemotaxis.

We then compared the relative potencies of majer
LPA species present in ascites in stimulation of cell mi-
gration. We found that 16:0-acyl, 18:0-acyl, 18:1-acyl,
16:0-alkyl, and 16:0/18:0-alkeny! LPAs ali stimulated mi-
gration of HEY ovarian cancer cells through collagen I
coated membranes (Fig. 7B). At 1 uM concentration,
the relative potencies of these LPA species were 18:1-
acyl-LPA > 16:0/18:0-alkenyl-LPA > 16:0-alkyl-LPA >
16:0-acyl-LPA > 18:0-acyl-LPA (Fig. 7B). The cell migra-
tion induced by al-LPAs was sensitive to PTX pretreatment
and C3 exoenzyme transfection, and partially blocked by
LY294002 (Fig. 7C). Interestingly, transfection of MEK/

2A, which completely blocked al-LPA-induced Akt phos-
phorylation (Fig. 5D, top), did not significantly affect
cell migration induced by al-LPAs, suggesting that a dif-
ferent downstream signaling molecule(s) of G; Rho,
and/or PI3-K {other than MEK) was responsible for cell
migration induced by al-LPAs.

AL'LPAs triggered IL-8 secretion from HEY cells

We have recently shown that 18:1-acyl-LPA induces in-
creased IL-8 at both mRNA and protein levels in ovarian
cancer cells, but not in immortalized ovarian epithelial
cells {24). To determine whether al-LPAs also induce this
activity, we examined IL-8 secretion from HEY cells using
an ELISA assay as previously described (24). ALLPAs in-
duced IL-8 secretion from ovarian cancer cells with simi-
lar or higher potencies to that of 16:0- or 18:0-acyl-LPAs
(Fig. 8).
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Fig. 6. Al-LPA-mediated proliferation was PTX-sensitive and de-
pendent on PI3K and ERK activation, but not p38 MAP kinase. A:
HEY cells were treated with alkyl-, alkenyl-LPAs, or solvent (con-
trol), and [*H]thymidine incorporation was conducted as de-
scribed in Materials and Methods. PTX (100 ng/ml) was added to
the culture 16 h prior to lipid (5 wM) stimulation. HEY cells were
stimulated with alkyl-LPA or alkenyl-LPA (5 pM) in the presence of
30 LM PD 98059 (PD), 10 nM LY294002 (LY), 0.1 pM wortmanin
(WT), or 10 uM SB 203580 (SB). The data shown here represent
the mean % SD of three independent experiments. B: HEY cells
were transiently transfected with control vector, dominant negative
MEK (MEK/2A), kinase dead p38 (p38/AGF), or dominant nega-
tive Akt (AKT/DN). After the starvation, the cells were incubated
with 5 uM al-LPAs for 24 h. Results are plotted as mean = SD of
three independent experiments. ***P < 0.001, **P < 0.01, *P <
0.05 (Student’s #test).

DISCUSSION

We have previously reported that acyl-LPAs are growth
stimulating factors for ovarian cancer and other tumor
cells, which are present in ascites from patients with ova-
rian cancer (21, 22). The major acyl-LPA species (approxi-
mately 50% of all acyl-LPAs) in ovarian cancer ascites is
16:0-acyl-LPA (20). However, it is not a potent growth stim-
ulator of ovarian cancer cells (21, 22). LPA species with un-
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saturated fatty acids, such as 18:1- and 18:2-acyl LPAs, are
more potent mitogens for ovarian cancer cells (20). We
have recently detected elevated levels of al-LPAs in ovarian
cancer ascites.

In this work, we show several lines of evidence to sug-
gest that al-LPAs may play an important pathological role
in ovarian cancer development. First, al-LPAs stimulated
cell growth and DNA synthesis of HEY ovarian cancer
cells (Fig. 3). Second, al-LPAs induced Akt activation
(Fig. 4A), which may be related to cell survival and
chemoresistance. Third, al-LPAs induced cell migration
(Fig. 7A), which is one of the critical steps in tumor cell
invasion and metastasis. Finally, al-LPAs stimulated the
production of IL-8 with similar or higher potencies than
16:0- and 18:0-acyl-LPAs (Fig. 8). In particular, physiolog-
ical concentrations of al-LPAs were used in this study,
and our results support the notion that these lipids may
play important pathological roles in ovarian cancer devel-
opment, although the role of al-LPAs in vivo remains to be
further investigated.

Ovarian tumor cells inherently possess a strong meta-
static potential to the peritoneum, which is the major
cause of death in ovarian cancer patients (49). Preferen-
tial adhesion of ovarian epithelial carcinoma cells to mi-
grate through collagen I (vs. collagen IV, fibronectin,
laminin, and vitronectin), has been demonstrated, and
the ovarian carcinoma micro-environment is rich in col-
lagen I (49). We show here that different LPA species pro-
mote cell migration through collagen [-coated mem-
branes and that this activity is potentially important in
ovarian cancer pathology.

IL-8 is a pro-inflammatory and pro-angiogenic factor
and may be involved in ovarian tumor development (50,
51). Angiogenesis is a critical factor for tumor develop-
ment, which induces the transition from a limited to a
rapid tumor growth via neovascularization (52). High ex-
pression of IL-8 mRNA has been detected in clinical speci-
mens of late-stage ovarian carcinomas (53, 34). Ascites/
cyst fluid and/or plasma of patients with ovarian cancer
contain significantly higher levels of IL-8 compared with
patients with benign gynecological disorders (55, 56). We
have shown that al-LPAs are elevated in malignant ascites
(33). Our results shown here suggest that al-LPAs present
in ascites may regulate [L-8 production in vivo.

The results shown here suggest that the biological activ-
ities and/or signaling properties of LPA species are not
only dependent on the composition of the fatty acid side
chain, but also the chemical linkage between the aliphatic
chain and the glycerol backbone. Although 16:0- and 18:0-
acyl-LPAs are not effective in growth stimulation in ova-
rian cancer cells (20), 16:0-alkyl- and 16:0/18:0-alkenyl-
LPAs stimulated growth and DNA synthesis of HEY ova-
rian cancer cells. In addition, 16:0- and 18:0-al-LPAs were
more potent than 16:0- and 18:0-acyl-LPAs in stimulating
cell migradon and IL-8 production. Interestingly, various
synthetic ether-linked lysophosphatidylcholine compounds
inhibit growth of many malignant cells, and clinical trials
evaluating their antineoplastic potential have been con-
ducted (57, 58). More recently, synthetic alkvl-LPA deriva-
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TABLE 2. Checkerboard analysis of HEY cells®

Alkyl-PLA, Upper Chamber

0 0.1 1 5
uM
Alkyl-LPA,
lower chamber {(uM)
0 685 72x13 65=%13 35513
0.1 28050 167x29 8810 77=15
1 40836 36715 210+30 8712
.- 53 65912 358755 343 =21 120=12
Alkenyl-LPA,
lower chamber (uM) :
] TBxI3 77+8 676 82=+8
0.1 23026 150+2 1182928 118+98
1 493 £51 29340 20715 132=98
5 827 £122 550 %30 27072 112+38

* Different concentrations of alkyl-LPA or alkenyl-LPA were added
to the upper and/or lower chamber, and HEY cells in the upper cham-
ber were allowed to migrate for 4 h at 37°C.

tives have been tested for their anti-proliferative activities
(58). Together with the observations present here, these
dam suggest that a free phosphate group at the sn-3 posi-
tion is important for the mitogenic activity of lysolipid(s).

Acyl-LPAs containing unsaturated farry acids, such as
18:1- and 18:2-acyl-LPAs, are more potent in stimulation
of growth (20), IL-8 secretion, and cell migration. These
data suggest that 18:1- and 18:2-acyl LPAs, which compose
approximately 17% (Table 1) of total acyl-LPAs in ascites
(20, 35) and al-LPAs, which compose approximately 12%
of all LPA species, may account for the major portion of
biological activities of LPAs in ovarian cancer ascites. The
pathophysiological importance of al-LPAs is further sup-
ported by our observation that these LPA species are more
stable than acyl-LPAs at 4°C (Fig. 1). The instability of
LPAs at 4°C may reflect LPA-degrading reactions by en-
dogenous enzymes (at a slower reaction when compared
with physiological conditions at 37°C). However, since the
ascites samples were stored under sterile conditions, exog-
enous LPA-degrading enzymes from bacteria and/or
other sources were unlikely. The two major pathways to
degrade LPA are deacylation by lyso-phospholipase A,
(PLA;) and dephosphorylation by phosphatases (LPPs)
(59, 60). Though dephosphorylation of al-LPAs and acyl-

brane were counted after starved cells were seeded in the upper
chamber for 4 h. B: The relative potencies of different LPA species
in stimulating cell migration. Different LPA species (1 pM) were
added to the lower chamber of the migration chamber, and starved
cells were added to the upper chamber. Migration was allowed for 4
h at 37°C. C: Al-LPA-stimulated migration was PTX- and Rho-
sensitive and PI3K-dependent. HEY cells were pretreated with PTX
(100 ng/mt) for 16 h, or transiendy transfected with C3-exoenzyme )
(C3, a Rho inhibitor), or dominant negative MEK (MEK/24). HEY
cells in the absence {control) or presence of LY294002 (10 uM,
LY), as well as PTX pretreated cells or transfected cells, were loaded
into the upper chambers and the lipids {1 pM} were added to the
lower chamber. The migration was conducted for 4 h. The cell
aumber on the lower face of the membrane was counted. The re-
sults are presented as the mean = SD of three independent experi-
ments. *** P < 0,001 (Student’s ttest).
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LPAs by LPPs may be similarly effective, ether-linked al-LPAs
are not degradable by PLA; which may account for the
relatively higher stability of al-LPAs.

We show here that different biological effects induced
by al-LPAs require different signaling pathways. PI3K ac-
tivity is required for cell proliferation, cell migration, and
Akt activation/phosphorylation. MEK is required for cell
proliferation and 473 phosphorylation of Akt, but not for
cell migration. $473 phosphorylation of Akt, but not cell
proliferation, is dependent on p38 MAP kinase activity.
These data suggest that MEK activation can lead to a p38-
dependent Akt phosphorylation, and a p38-independent
stimulation of DNA synthesis. These signaling properties
provide important information on strategies to antago-
nize the cellular effects of al-LPAs. Interestingly, we have
found that $473, but not T308, phosphorylation induced
by al-LPAs is sensitive to SB 203580, suggesting that p38
MAP kinase is required for $473, but not T308, phosphor-
ylation. The involvement of p38 in Akt phosphorylation
and activation has been reported in a few recent works (38,
39, 61). In fibroblasts, phosphorylation at both Akt S473
and T308 induced by formyl-methionyl-leucyl-phenylata-
nine is sensitive to SB 203580, and S473 phosphorylation is
more sensitive than T308 to SB 203580. In mouse epider-
mal J6 cells, UVB-induced T308 phosphorylation is more
sensitive than S473 to SB 203580. Together, these and our
results suggest that the dependence of T308 phosphoryla-
tion on p38 is likely to be stimulus- or cell typespecific.

The work here shows that al-LPAs appear to stimulate
the same or similar signaling pathways as acyl-LPAs, al-

. though they differ in concentration and time point for op-
timal stimulations. In particular, we have shown recently
that acyl-LPA stimulated a rather unique Rho- and MEK-
dependent Akt phosphorylation. This signaling pathway is
not shared by many other stimuli that we have tested, in-
cluding S1P, thrombin, endothelin-1, PDGF, insulin, and
EGF (unpublished observations). These data suggest that
the effects of al-LPAs may be mediated by acyl-LPA recep-
tors (Edg receptors). In fact, both Edg4 and Edg7 have
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been shown to respond to alkyl- and/or alkenyl-LPAs (62~
64). We have found that HEY cells express Edg2 and 7,
and SKOV3 cells express Edg?2, 4, and 7 (unpublished ob-
servations). Since subtype-selective receptor antagonists
are not yet available, the direct assignment of the endoge-
nous receptors mediating the effects induced by al-LPAs
in HEY cells remains to be determined. B
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Sphingosylphosphorylcheline (SPC) and Iysophos;‘

phatidyieholine (LPC) are bioactive lipid molecules in-
volved in numerous b:sloglcal processes. We have re-
cently identified ovarian ecancer G_protein-coupled
receptor 1 (OGR1) as a specific and hlgh affinity recep-
tor for SPC, and G2A as a receptor with high affinity for
LPC, but low affinity for SPC. Among G protein-coupled
receptors, GPR4 shares highest sequence homology
with OGR1 (51%). In this work, we have identified GPR4
as not only another high affinity receptor for SPC, but
also a receptor for LPC, albeit of lower affinity., Both
SPC and LPC induce increases in intracellular calcium
conceniration in GPR4-, but not vector-iransfected
MCF10A cells. These effects are insensitive to treatment
with BN52021, WEB-2170, and WEB-2086 (specific platelet
actwatmg factor (PAF) receptor antagonists), suggesting
that they are not mediated through an endogenous PAF
receptor. SPC and LPC bind to GPR4 in GPR4-transfected
CHO cells with KJ/SPC = %mmdmc = 159 nm,
respectively. Competitive binding is elicited only by SPC
and LPC. Both SPC and LPC activate GPR4-dependent
activation of serum response element reporter and re-

ceptior internalization. Swiss 3T3 cells expressing GPR4
respond to both SPC and LPC, but not sphingosine

1-phosphate (S1P), PAF, psychosine (Psy), glucosyl-g1’1-
sphingosine (Glu-Sph), galactosyl-81'1-ceramide (Gal-
Cer), or lactosyl-B1’1-ceramide (Lac-Cer) to activate ex-
tracellular s1gnal-regulated kinase mitogen-activated
protein kinase in a concentration- and t;me-dependent
manner. SPC and LPC stimulate DNA synthesis in
GPR4-expressing Swiss 3T3 cells. Both extracellular sig-

nal-regulated kinase activation and DNA synthesis stim-
ulated by SPC and LPC are pertussis toxin-sensitive,
suggesting the involvement of a G;-heterotrimeric G
protein. In addition, GPR4 expression confers chemo-
tactic responses to both SPC and LPC in Swiss 3T3 cells.
Taken together, our data indicate that GPRA4 is a recep-
tor with high affinity to SPC and low affinity to LPC,
and that multiple cellular functions can be transduced
via this receptor.
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SPC! is a bioactive lipid molecule involved in numerous
biological processes, where it acts as a signaling molecule (1).
We have recently identified a G protein-coupled receptor,
OGR1, as the first specific high affinity receptor for SPC (2).

" OGR1 shares homology with several other G protein-coupled
‘receptors, including GPR4, G2A, T cell death-associated G pro-

tein-coupled receptor 8 (TDAGS), and the platelet activating
factor (PAF) receptor (3—8, 10). We have postulated that these
receptors belong to a subfamily and their ligands may be lyso-
lipids containing the phosphorylcholine moiety shared by SPC
and PAF (2). Other than SPC and PAF, there are two naturally
occurring phosphorylcholine-containing lysolipids: LPC and
lyso-PAF. LPC is an important lipid mediator involved in many
cellular processes. In particular, LPC is believed to play an
important role in atherosclerosis and inflammatory diseases by

- altering various functions of a variety of cell types, including

endothelial cells, smooth muscle cells, menocytes, macro-
phages, and T cells (11-13). However, the reported signaling
mechanisms of LPC are variable and the initial interaction of
LPC with cell membranes is poorly understood. We have re-
cently identified G2A as the first receptor for LPC (14). G2A is
also a low affinity receptor for SPC.

in the present study, we sought to identify the ligand(s) for
GPR4. We tested SPC, LPC, PAF, lyso-PAF, and psychosine
(Psy; a recently identified glycosphingolipid ligand of TDAGS
(15)) as potential ligands for GPR4. GPRA4 exhibits the highest
homology with OGR1 (51%- identity and 64% similarity in
amino acid sequence) (2). Similarly to OGR1, GPR4 responded
to SPC, but also responded to LPC, mediating an increase in
intracellular calcium conceniration, SRE activation, receptor
internalization, ERK activation, and stimulation of cell migra-
tion. LPC bound to GPR4, albeit with lower affinity compared
with SPC, and competed with SPC for specific binding to GPR4.
GPR4 did not bind or respond to PAF, lyso-PAF, Psy, Glu-Sph,
Gal-Cer, or Lac-Cer. Our results indicate that 8PC is a high
affinity and LPC is a lower affinity ligand for GPR4, and its
activation by SPC and LPC mediates biological functions.

*The abbreviations used are: SPC, sphingosylphosphorylcholine;
ERK, extracellular signal-regulated kmase CHO, Chinese hamster

ovary; Glu-Sph, glucosyl-81'1-sphingosine; Gal-Cer, galactosyl- -Bl'l-ce-

ramide; Lac-Cer, lactosyl-81'1-ceramide; LPA, lysophosphatidic acid;
LPC, lysophosphaﬁdylchohne, OGR1, ovarian cancer G protein-coupled
receptor 1; PAFT, platelet activating factor; Psy, psychosine; S1P, sphin-
gosine 1l-phosphate; SRE, serum response element; TDAGS, T cell
death-associated gene 8; FBS, fetal bovine serum; DMEM, Bulbecces
modified Eagle’s medium; GAPDH, glyeeraldehyde~3-phosphate dehy-
drogenase; PTX, pertussis toxin; PBS, phosphate-buffered saline; PCR,
polymerase chain reaction; HA, hemagglutmm, GFP green ﬂnorescent
pretem, BSA, bovine serum albumin; MAP, mitogen-activated protein;
[Ca%*],, intracellular calcium.
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EXPERIMENTAL PROCEDURES

Materials—LPCs (14:0, 16:0, 18:0, and 18:1), lysophosphatidylinosi-
tol (from liver, 80% 18:0), 18:1-LPA, 16:0-PAF, 16:0-lyso-PAF, psycho-
sine, glucosyl-B1’'1-sphingosine, galactosyl-1'1-C8-ceramide, and lacto-
syl-B1'1-C8-ceramide were from Avanti Polar Lipids, Inc. (Alabaster,
AL). Sphingomyelin (bovine brain, mainly 18:0), C6-ceramide, sphingo-
sine 1-phosphate (S1P), and SPC were from Toronto Research Chemi-
cals (Toronto, ON) or Matreya, Inc. (Pleasant Gap, PA). p-Erythro- and
L-threo-SPC were from Matreya, Inc. (Pleasant Gap, PA). pcDNA1-C3
(encoding the C3-exoenzyme) was a kind gift from Dr. A. Wolfman,
Cleveland Clinic Foundation. The PAF receptor antagonist, BN52021,
was from Biomol (Plymouth Meeting, PA). WEB-2170 and WEB-2086
were from Boehringer Ingelheim (Ridgefield, CT). [*HISPC or [°H]18:
0-LPC were custom synthesized by Amersham Pharmacia Biotech,
Buckinghamshire, United Kingdom (68 Ci/mmol, 1 mCi/m] for [*'H]SPC
and 102 Ci/mmol, 1 mCi/ml for [°H]18:0-LPC). [*H]16:0-LPC (60 Ci/
mmol) was purchased from American Radiolabeled Chemicals, Inc. (St
Louis, MO).

Cell Culture—MCF10A cells (passage 34) were purchased from the
Barbara Ann Karmanos Cancer Institute (Detroit, MI) and cultured as
recommended by the provider. Experiments were performed using
MCF10A cells from passage 40—46. Other cells were obtained from
ATCC and were cultured either in RPMI 1640 with 10% FBS or DMEM
with 5% FBS (CHO and Swiss 3T3 cells). o

Human RNA Master Blot Probed with GPR4—Human RNA Master
Blot (CLONTECH, Palo Alto, CA) was probed with radiolabeled full-
length GPRA4. Briefly, the fiill-length GPR4 was gel purified and 25 ng
was used for the synthesis of a StripAble DNA a-*?P-labeled probe
(Ambion, Austin, TX), as per the manufacturer’s instructions. The ra-
diolabeled probe (20 ng, 20 X 10° cpm) was hybridized to the Master
Blot in ExpressHyb hybridization solution (CLONTECH) overnight
with continuous agitation at 65 °C. The following day, the Master Blot
was washed following the manufacturer’s instructions and exposed to a
PhosphoScreen (Molecular Dynamics, Sunnyvale, CA).

Real-time Quantitative PCR of GPR4—Total RNA was extracted
from cells using the SV Total RNA Isolation System (Promega, Madi-
son, WI). One to 5 ug of total RNA were reverse transcribed using
Superscript II RT (Life Technologies, Inc., Rockville, MD). Eight nano-
grams of derived cDNA were used as a template for real-time quanti-
tative SYBR Green I PCR. Primers for human GPR4 (GenBank™
accession number U21051) were 5'-TAATGCTAGCGGCAACCACACG-
TGGGAG and 5'-TCCAGTTGTCGTGGTGCAG, yielding a 230-base
pair product. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was amplified in a separate tube as a housekeeping gene with primers
5'-GAAGGTGAAGGTCGGAGT and 5'-GAAGATGGTGATGGGATTTC,
yielding a 226-base pair product. Primers for mouse GPR4 were 5'-
CTACCTGGCTGTGGCTCAT and 5'-CAAAGACGCGGTATAGATTCA,
yielding a 222-base pair product. Mouse GAPDH was amplified with

. primers 5'-TGATGGGTGTGAACCAAGACA and 5'-CCAGTGGATCA-
GGGATGAT. All SYBR Green I core reagents, including AmpliTaq Gold
DNA polymerase, were from PE Applied Biosystems (Foster City, CA).
The thermal cycling conditions were 95 °C for 10 min, followed by 40
cycles of 95 °C, 15 s, and 60 °C, 1 min. PCR reactions and product
detection were carried out in an ABI Prism 7700 Sequence Detection
System (PE Applied Biosystems). The amplified product was detected
by measurement of SYBR Green I, which was added to the initial
reaction mixture. The threshold cycle (Cy) values obtained through the
experiments indicate the fractional cycle numbers at which the amount
of amplified target reach a fixed threshold. The Cy values of both target
and internal reference (GAPDH) were measured from the same
samples, and the expression of the target gene relative to that of
GAPDH was calculated using the comparative C; method. This method
normalizes the expression levels and allows calculation of the relative
efficiency of the target and reference amplification.

Cloning—A GPR4 PCR fragment (nucleotides number 1175-1535)
(4) was obtained by PCR amplification using cDNA from HEY ovarian
‘cancer cells as the template. This PCR fragment was used to screen a
human genomic library (CLONTECH, Palo Alto, CA) to obtain the
full-length clone of GPR4. GPR4 was subsequently cloned into mam-
malian expression vectors using PCR amplifications with the high
fidelity Advantage ¢DNA polymerase (CLONTECH). The PCR reac-
tions were conducted for fewer than 20 cycles and the sequence of the
products was confirmed by sequencing. The primers, 5-CAGGAAT-
TCTCGGCAACCACACGTGGGAGG and 5'-CGCTCTAGAGCCACTC-
GGGGTTCATTGTG, were used to generate full-length GPR4, which
was digested with EcoRI and Xbal and cloned into the pBs3HA vector
(pBluescript II KS* vector with three HA tags inserted; a kind gift from

GPR4 as a Receptor for SPC and LPC ,

Dr. J. DiDonato, Cleveland Clinic Foundation). The resulting 3HA.G-
PR4 was subsequently cloned into the mammalian expression vector
pIRES-hygro (CLONTECH) to generate pIREShyg-GPR4, using primer
5'-CAGATGCATAAACGCTCAACTTTGG and the T7 primer (inserted
into the Nsil and Notl sites of pIRES-hygro). pGPR4-GFP was genera-
ted using the T3 primer and 5'-GTCGGTACCTGTGCTGGCGGCAGC-
ATC (stop codon was deleted and the resulting GPR4 was cloned into
HindIll and Kpnl sites of pEGFP-N1; CLONTECH). pSRE-Luc was
purchased from Stratagene (La Jolla, CA). MCF10A cells were tran-
siently transfected with pGPR4-GFP and used for calcium assays. CHO
cells were transfected with pIREShyg-GPR4 (LipofectAMINE reagent;
Life Technologies, Rockville, MD) and stable clones were selected with
200 pg/ml hygromycin in DMEM/F-12 plus 5% FBS. HEK293 cells were
transfected with pGPR4-GFP and stable clones were selected with 400
ug/ml G418 in RPMI 1640 plus 10% FBS. Swiss 3T3 cells expressing
GPR4 were derived by infection with retroviruses encoding receptor
(MSCV GPR4 ires-GFP) followed by fluorescence-activated cell sorter
sorting of GFP positive cells (16).

Calcium Assays—Measurement of [Ca®*], was performed as de-
scribed previously (2). Briefly, pGPR4-GFP-transfected MCF10A cells
were grown in specialized glass-bottom dishes (Bioptech, Inc., Butler,
PA) and loaded with fura-2 in HEPES-buffered saline. Using a dual-
wavelength spectrofluorometer (RFK-6002, Photon Technology Int., S.
Brunswick, NJ) coupled to an inverted fluorescence microscope (Olym-
pus, IX-70, Lake Success, NY), GFP-positive cells were identified using
an excitation wavelength of 488 nm, a dichroic 505 nm long-pass filter,
and an emitter filter at band pass of 535 nm (Chroma Technology,
Brattleboro, VT). Measurements of [Ca?*], were performed on individ-
ual GPR4-GFP positive cells at excitation wavelengths of 340 and 380
nm and an emission wavelength of 510 nm. Conversion of the 340/380
ratio value into [Ca®*}; in nanomolar was estimated by comparing the
cellular fluorescence ratio with ratios acquired using fura-2 (free acid)
in buffers containing known Ca®* concentrations. [Ca2*); was then
calculated as described by Grynkiewicz et al. (17). All calcium assays
were performed in the presence of 1 mM EGTA in the assay buffers,
Therefore, intracellular calcium release, not calcium influx, was
analyzed.

Internalization—pGPR4-GFP stably expressing HEK293 cells were
cultured in 6-cm tissue culture dishes in RPMI 1640 with 10% FBS.
After 16-24 h serum starvation, cells were treated with different lipids
at 37 °C for 2 h. Cells were washed with cold PBS and fixed with 4%
paraformaldehyde in PBS. The subcellular localization of GPR4-GFP
protein was visualized under a Leica TV confocal fluorescence micro-
scope with a X63 oil immersion lens (Wetzler, Heidelberg, Germany).
The excitation and emission wavelengths were 488 and 515-540 nm,
respectively. :

Binding Assays—CHO cells were chosen for GPR4 binding assays,
because HEK293 cells express relatively high levels of endogenous
GPR4. CHO cells stably transfected with empty vector or GPR4 were
serum starved for 20 h, then collected after exposure to 2 mm EDTA in
PBS. The pelleted cells were stored at — 80 °C until use. Binding assays
were performed essentially as described previously (2), except binding
was performed at 4 °C. Briefly, frozen cells (10° cells/ml) were homog-
enized in a binding buffer (2). Assays were performed in 96-well plates
in triplicate with 100 pl of cell homogenate (equivalent to 10° cells/well).
Different amounts of [PHISPC or [°*H]16:0-LPC were added to the cell
homogenates in 50 pl of binding buffer, in the presence or absence of
cold SPC or 16:0-LPC, or other competitors. The plates were incubated
at 4 °C for 120 min, unless otherwise indicated. Cell-bound [PH]SPC or
[PHILPC was collected onto a filter (Printed Filtermat A, Wallac, Gaith-
ersburg, MD) using an automated cell harvester (HARVESTER 96,
Tomtec, Orange, CT). Specific binding was calculated by subtraction of
nonspecific binding (binding detected in the presence of 100-fold excess
unlabeled SPC or 16:0-LPC) from the total binding.

Reporter (SRE) Assays—The SRE reporter system (pSRE-Luc) was a
gift from Dr. Songzhu An (University of California, San Francisco), or
purchased from Stratagene (La Jolla, CA). Both systems gave identical
results. HEK293 and HEK293-GPR4 cells were cultured in RPMI 1640
with 10% FBS in 10-cm dishes to ~85% confluence. To the cells in each
dish, pSRE-Luc (10 ug) was transfected in the presence of 60 pl of
Lipofect AMINE reagent. Cells were seeded in 96-well plates 16 h after
transfection, incubated for another 24 h in RPMI 1640 with 10% FBS,
and starved in serum-free medium for 16 h. SPC (dissolved in PBS to 10
mM) and other lipids (LPCs were dissolved in 70% ethanol, other lipids
dissolved in PBS, 70-95% ethanol or 100% MeOH) were diluted in
serum-free RPMI 1640 and added to the cells, followed by a 10-h
incubation. Luciferase activity was measured in Microlite™ 1 plates
(Thermo Labsystems, Helsinki, Finland) using 60 ul of cell lysate and
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Fig. 1. GPR4 expression in dxft‘erent human tissues. The human RNA Master Blot (CL{)NTECH) was probed vnth 32P.]Jabeled GPR4

(“Experimental Procedures”).

20 pl of luciferase substrate. PTX (100 ng/ml) was added during the
16-h serum starvation period and pcDNAI-C3 {encoding the C3-excen-
zyme, 2 pg) was co-transfected with pSRE-Luc (10 pg).

ERK Activation Assays—Swiss 3T3 cells were infected with MSCV
GPR4-ires-GFP or MSCV ires.GFP, and subsequently cells sorted by
fluorescence-activated cell sorter for positive expression of GFP as
described previously (16). Cells were plated in 6-well plates in DMEM
containing 5% FBS, serum-starved overnight, and then treated lipids
in DMEM for the indicated times. Cells were lysed on ice in RIPA
buffer containing 50 mm Tris-HCI, pH 7.5, 1% Nonidet P-40, 0.5%
deoxycholate, 0.1% SDS, 150 mum NaCl, 2 mM EGTA, 25 mM sodium
fluoride, 1 mm sodium orthovanadate, and 1 X protease inhibitors
(Sigma P8340). Lysates containing equal amounts of protein were
separated on 10% SDS-polyacrylamide gels and transferred onto ni-
trocellulose membranes. Antibodies against phosphorylated ERK1/2
(Cell Signaling Technologies, Beverly, MA) were used to probe the
membrane and the ECL system (Amersham Pharmacia Biotech) was
used for detection. To normalize the amounts of protein loaded in
each lane, membranes were stripped and re-probed with antibodies
against total ERK {(Cell Signaling Technologies). In some experi-
ments, cells were pretreated with 100 ng/ml PTX for 12-16 h ;err to
SPC and LPC stimulation.

DNA Synthesis Assay—’l‘ile effect of SPC and LPC on DNA synthesis
was measuréd using PH]thymidine incorporation. Briefly, GPR4-ires-
GFP- and GFP-Swiss 3T3 cells were plated in 96-well plates, serum-
starved for 24 h, and treated with SPC; LPC, or other lipids in serum-
free DMEM for 24 h. Cells were incubated with 0.75 uCi/ml
PH]thymidine in serum-free DMEM for the last 18 h. Cells were har-
vested onto filter papers presoaked in 1% polyethylenimine using the
automated. cell harvester HARVEST 96. Incorporated [PHlthymidine
was counted in a 1450 Microbeta Trilux Ligquid Scintillation and Lumi-
nescence Counter (PerkinElmer Life Sciences).

Cell Migration Assay—Chemotaxis was measured in a modified Boy-
den chamber assay. Briefly, different lipids were added to the lower
chambers. GPR4-ires-GFP- and GFP-Swiss 3T3 cells were serum
starved for 4 h, trypsinized, and seeded in the upper chambers of
Boyden Transwell plates (Corning Inc., Corning, NY). The chambers
were incubated for 6- 8 h. The number of cells that migrated to the lower
face of the membrane was counted in 4 random fields. Data are repre-
sented as the average * S.D. of three independent experiments. For the
chemokinetic assay, the same concentrations of lipids were added to
both the upper and lower chambers. For Rho inhibition studies, C3-

- exoenxyme was {ransiently transfected into Swiss 3T3 cells and cell
migration assays were performed 48 h later.

RESULTS

Human RNA Master Blot Probed with GPR4—GPR4 has
been shown to be expressed in many human tissues (18). For a

wider analysis of GPR4 expression in human tlssues we
probed the Human RNA Master Blot (CLONTECH) containing
RNAs from 50 different human tissues with the full-length
human GPR4 clone labeled with {32P}dCTP (“Experimental
Procedures”). GPR4 showed the highest expression in ovary,
liver, lung, kidney, lymph node, and subthalamic nucleus (Fig.
1). Other areas of the brain had a lower expression of GPR4, as
did the aorta, placenta, bone marrow, skeletal muscle, spinal
cord, prostate, small intestine, and some fetal tissues. GPR4
was also expressed at a detectable level in appendix, trachea,
testis, spleen, thymus, pituitary gland, adrenal gland, thyroid
gland, and heart, but not in other tissues including some areas
of the brain, colon, bladder, uterus, stomach, pancreas, salivary
gland, mammary gland, peripheral bltmti leukocytes, fetal
brain, and fetal heart (Fig. 1).

Both SPC- and 16:0-LPC-induced Transient Increases in In-
tracellular Calcium Concentration {({Ca®*]) in GPR4-trans-
fected MCF10A Cells—We have shown that OGR1 is a high
affinity receptor for SPC (2). To test whether GPR4, which
shares 51% sequence homology with OGRL, is also a receptor
for SPC, MCF10A cells were transiently transfected with
pGPR4-GFP. MCF10A cells were chosen because these cells do
not respond to either SPC or 16:0-LPC in calcium assays and
they express very low levels of endogenous GPR4 among many
human cell lines tested (Fig. 2).

The GFP receptor fusion was used to identify positively
transfected cells, and single-cell calcium assays were per-
formed as described in our previous studies- (2). SPC (1 um)
stimulated an increase in {Ca®*]; in GPR4-, but not vector-
transfected MCF10A cells (Fig. 34, first and second panels),
suggesting that GPR4 is a receptor for SPC. This is further
confirmed by the stereoselectivity of GPR4 favoring p-erythro-
SPC (the bioactive form of SPC) versus L-threo-SPC (Fig. 34,
third panel). Interestingly, unlike OGR1, which is specific for
SPC as its ligand (2), GPR4-transfected cells were stimulated
to produce increased [Ca®*]; by an additional phosphoryicho-
line-containing lysolipid, 16:0-LPC (Fig. 34, fourth panel). To
assess the affinities and potencies of SPC and 16:0-LPC, con-
centrations of each were varied and calcium mobilization was
measured (Fig. 3B). SPC appeared to have a higher efficiency
(ECso = 105 nM) than LPC (ECs, = 1.1 um), although the
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Fic. 2. Expression of GPR4 in hu-
man cell lines. Real-time quantitative
PCR was utilized to determine relative
expression levels of GPR4 expressed in
cells, as described under “Experimental
Procedures.” All PCR reactions were per-
formed in triplicate. The comparative Cq.
method was used to calculate the relative
expression levels of GPR4 in different cell
lines as described under “Experimental
Procedures.” HEY, OCC1, NIH:Ovca3,
SKOV3, Ovcad29, Ovcad32, and Ovcad33
are ovarian cancer cells. MCF7 is a breast
cancer cell line. MCF10A is an immortal-
ized breast cell line. HeLa is a cervical cell |
line. All cell lines shown, except Swiss
3T38, are human cell lines.

GPR4 mRNA Abundance (relative to HEY cells)

G

[Ca%*), responses to LPC in GPR4-transfected cells were higher
than those of SPC at greater concentrations of LPC (up to 10
uM) (Fig. 3B).

LPC has been shown to activate cellular responses in a PAF
receptor-dependent manner (19-21). However, LPC-and SPC
were not able to induce an increase in calcium through the
endogenous PAF receptor in parental cells (Fig. 34, upper
panel). Therefore, it is unlikely that the increase in calcium
induced by LPC was mediated by a PAF receptor. Nevertheless,
to confirm that LPC and/or SPC did not activate the endoge-
nous PAF receptor in GPR4-transfected cells, three specific
PAF receptor antagonists, BN52021, WEB-2170, and WEB-
2086, were used. Both BN52021 (200 M) and WEB-2086 (2 um)
completely abolished the calcium signal induced by PAF (100
nM) (Fig. 3, C and D). However, the cellular calcium response to
LPC or SPC was not affected, indicating that calcium increases
induced by SPC and LPC were not mediated through an en-
dogenous PAF receptor. Another PAF antagonist, WEB-2170 (2
uM), also completely blocked the action of PAF, but did not

- affect the increase in calcium induced by either LPC or SPC
(data not shown). In addition, LPC and SPC showed not only
homologous, but also heterologous, desensitization to each
other (Fig. 3E), suggesting that these two lipids activated the
same receptor. : '

To determine which G protein is involved in the increased
[Ca®*]; response to SPC and LPC in GPR4-transfected cells,
the sensitivity of this activity to PTX was tested. The increase
in [Ca?*], response to both SPC and LPC, as well as to stimu-
lation of endogenous LPA receptor(s), but not PAF or ATP
receptors, was completely abolished by PTX (100 ng/ml, 16 h
pretreatment) (Fig. 3F), suggesting the involvement of a G;
pathway.

In plasma, LPC is mainly present in albumin- and lipopro-
tein-bound forms (22). To determine whether BSA-bound SPC
and LPC are able to induce increases in [CaZ?*];, we preincu-
bated SPC (1 um) and LPC (1 um) with a molar excess of BSA
(0.5% fatty acid-free BSA (Sigma)), for a lipid:BSA molar ratio
of ~1:75. At this molar ratio, BSA blocked more than 50 and
95% of the increases in [Ca®?*]; induced by SPC and LPC,
respectively (Fig. 3G). These results suggest that albumin-
bound LPC may not be able to activate this receptor, and
support the concept of multiple LPC compartmentalization (e.g.
bound and free) (23).

Recently, Im et al. (15) have identified Psy as a ligand for
TDAGS. TDAGS8 shares ~38% homology with OGR1, GPR4,
and G2A (15). To determine whether Psy is a ligand for GPR4,

OCcC1
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and to delineate the structural specificity of ligands for GPR4,
we tested the effect of Psy, Glu-Sph, Gal-Cer, and Lac-Cer to
increase [Ca®*]; in MCF10A cells. We found that at 1 um, Psy,
Glu-Sph, and Lac-Cer did not stimulate increases in [Ca“],- in
either MCF10A parental or GPR4-expressing cells (Fig. 3H).
Gal-Cer (1 pM) induced the same level of increased [Ca%*];, in
both parental and GPR4-expressing MCF10A cells (Fig. 3H).
These data suggest that these glycosphingolipids are unlikely
to be ligands of GPR4. '

SPC and LPC Bind to GPR4—To characterize the binding of
SPC and LPC to GPR4, we conducted radioligand binding
assays, using a method similar to that developed for OGR1 as
described previously (2). Cell homogenates were used for bind-
ing assays. Binding was conducted at 4 °C for 120 min or as
indicated. PHISPC and [*H]16:0-LPC specifically bound to cell
homogenates from GPR4-transfected CHO cells in a time-de-
pendent manner and reached equilibrium after 60 min incuba-
tion at 4 °C (Fig. 4, A and B). Both CHO cells and CHO cells
transfected with empty vector displayed low background bind-
ing of SPC and LPC (Fig. 4, A and B). SPC and 16:0-LPC
bindings were saturable and Scatchard analyzes indicated dis-
sociation constants (K;) of 36 nm for SPC and 159 nwm for LPC.
The maximum binding capacities for SPC and 16:0-LPC were
996 fmol/10° cells for SPC and 1,528 fmol/10° cells for 16:0-LPC
(Fig. 4, C and D). SPC (p < 0.001) and various LPC species
(16:0, 18:0, and 18:1; p values 0.001-0.01), but not LPA (18:1),
lysophosphatidylinositol (18:0), S1P, sphingomyelin (18:0), 16:
0-PAF, or 16:0-lyso-PAF (p values >0.05), successfully com-
peted for binding (Fig. 4, E and F). Binding assays using
[*H]18:0-LPC gave similar results (data not shown). We also
tested the four glycosphingolipids, Psy, Glu-Sph, Gal-Cer, and
Lac-Cer, for their ability to compete for the binding of [PH]SPC
and [®H]16:0-LPC to GPR4. None of these glycosphingolipids
competed successfully (data not shown). Thus, GPR4 was able
to specifically bind both SPC and LPC (16:0, 18:0, and 18:1),
with a higher affinity for SPC than LPC.

Internalization of GPR4 Induced by SPC and LPC—G pro-
tein-coupled receptors undergo agonist-dependent desensiti-
zation and internalization (24-26). When HEK293 cells were
transfected with the pEGFP-N1 vector, GFP protein was
expressed in the cytosol of the cells (2). The GPR4-GFP fusion
protein, on the other hand, was expressed only on the plasma
membrane (Fig. 54). One micromolar concentration of SPC
and 16:0-LPC, but not 16:0-PAF, induced internalization of
GPR4 at 37 °C (Fig. 5, B, C, and F). The PAF receptor-specific
antagonist BN52021 did not block the internalization of
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Fic. 3. SPC- and LPC-induced transient increases in [Ca®*], in GPR4-transfected MCF10A cells. A, upper panel: the effect of SPC (1
1M), 16:0-LPC (1 um), 18:1-LPA (1 um), 16:0-PAF (0.1 ), and ATP (20 uM) on [Ca®*]; in pEGFP-N1i-transfected MCF10A cells. The second to
fourth panels, MCF10A cells were transiently transfected with pGPR4-GFP, and treated with SPC, 1- and p-SPC, LPC, LPA, PAF, or ATP. B, SPC
and 16:0-LPC concentration response curves in pEGFP-GPR4-transfected MCF10A cells. C, the effect of BN52021 on increased [Ca®*]; induced by
agonists. I, the effect of WEB-2086 on increased [Ca®*], induced by agonists. E, homologous and heterologous desensitization of GPR4 by SPC and
16:0-LPC. F, the sensitivity of SPC- and 16:0-LPC-induced caleium increases to PTX pretreatment. G, the effect of BSA (0.5%) on the ability of SPC
and LPC to induce an increase in [Ca®*],. SPC (1 u) and LPC (1 pM) were incubated with 0.5% fatty acid-free BSA for 30 min at room temperature
and the mixtures were used to stimulate MCF10A cells transfected with pGPR4-GFP. H, Gal-Cer (1 pM)-stimulated increase in [Ca®*]; in parental
and pGPR4-GFP expressing MCF10A cells. All ealcium measurements were performed in EGTA-containing, calcium-free buffer. The data are
representative of at least five independent experiments.

GPRA4 induced by either SPC or 16:0-LPC (Fig. 5, D and E). LPC and SPC Activated the SRE Reporter System in
Similarly, WEB-2170 and WEB-2086 did not affect the inter- HEK293 Cells—The serum-response element (SRE) reporter
nalization of GPR4 induced by either SPC or 16:0-LPC (data system is a sensitive assay for receptors of lipid factors (27,
not shown). 28). Using the luciferase assay, vector-transfected HEK293
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- Fic. 4. Binding of SPC and 16:0-LPC to GPR4. A and B, time deperidence of specific PHJSPC and [*H]JLPC binding. Cell homogenates (100
ul, equivalent to 10° cells) from vector or GPR4 stably transfected CHO cells were incubated with [PHISPC (1 nm) or [*H]16:0-LPC (1 nM) for the
indicated times. Specific binding is shown. C and D, saturation isotherm of specific binding of [PH]SPC and [*H]16:0-LPC to GPR4-transfected CHO
cells. Cell homogenates (100 ul) were incubated with the indicated concentrations of [PHISPC or {?H]16:0-LPC in the presence or absence of
unlabeled SPC (100-fold excess) or unlabeled 16:0-LPC (100-fold excess). Specific binding is presented. E and F, structural specificity of binding
of [PH]JSPC and [PH]16:0-LPC to GPR4. GPR4-transfected CHO cells were incubated with PHISPC (1 nM) or [*H]16:0-LPC (1 nM) in the presence
or absence of 100 oM of different unlabeled lipids. Total binding is presented. All binding experiments were performed in triplicate in 96-well plates.
Data are mean + S.D. from three independent experiments. *, p < 0.05; **, p < 0.01; *** p < 0.001; as compared with the control (Student’s ¢ test).

A

Fic. 5. Internalization of GPR4 in-
duced by SPC and LPC. A, HEK293
cells stably expressing pGPR4-GFP. B,
pGPR4-GFP stably expressing cells were
treated with SPC (1 um) at 37 °C for 2 h.
C, pGPR4-GFP-expressing cells were
treated with 16:0-LPC (1 um) at 37 °C for
2h. D and E, as in B and C, except cells
were pretreated with BN52021 (200 um)
for 5 min. F, pGPR4-GFP-expressing cells
were treated with PAF (1 um). All exper-
iments were repeated at least three times.
Representative data are shown.

cells transfected with the SRE reporter system responded to
SPC (1 um), butinot 16:0-LPC, with <1.5-fold activation (Fig.
6A). Activation was increased 3.1- and 4-fold, respectively, in
response to 16:0-LPC (1 um) and SPC (1 uM) in GPR4-trans-
fected HEK293 cells that were also transfected with the SRE
reported system (Fig. 6B). These increases were statistically
significant (p < 0.001) when compared with the responses in
vector-transfected cells (Fig. 64). In contrast, although LPA

and S1P induced significant transcriptional activation of
SRE in vector-transfected HEK293 cells, this activation was
not altered by GPR4 transfection. In addition, we tested other
phosphorylcholine-containing lipids, including 16:0-PAF, 16:
0-lyso-PAF, and 18:0-sphingomyelin, and found that none of
them induced significant transcriptional activation of SRE
(Fig. 6A).

The SRE transcriptional activity in response to SPC, but not
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Fi16. 7. Activation of ERK MAP kinase by SPC and LPC in GFP-
and GPR4-ires-GFP-expressing Swiss 3T3 cells. ERK MAP kinase
assays were performed as described under “Experimental Procedures.”
A, structural specificity of lipid-induced ERK activation via GPR4 in
Swiss 3T3 cells. Cells were treated with 1 um Psy, Gal-Sph, Lac-Cer),
sphingosine 1-phosphate (S1P), 16:0-LPC, SPC, and 16:0-PAF for 5
min. B, concentration dependence of ERK activation stimulated by SPC
and 16:0-LPC. Cells were treated with 1, 10, 100, and 1000 nm 16:0-LPC
or SPC for 5§ min. C, time dependence of ERK activation stimulated by
SPC and 16:0-LPC. Cells were treated with SPC (100 nM) or LPC (100
nM) for the indicated time. D, GPR4-ires-GFP- and OGR1-ires-GFP-
Swiss 3T3 cells were untreated or treated with 16:0-LPC (100 nM) or
SPC (100 nM) for 5 min in the absence or presence of PTX (100 ng/ml, 16 h
pretreatment).

LPC, in parental HEK293 cells (Fig. 6, A and B), can be ex-
plained by the endogenous expression of GPR4 in HEK 293
cells and the relatively lower affinity of GPR4 for LPC com-
pared with SPC. GPR4 transfection enhanced the activation of
SRE reporter by both SPC and LPC (Fig. 6, A and B). EC,,
values for the activation of SRE were 63 nM for SPC and 160 nM
for 16:0-LPC. The differences in ECg, values obtained using

SRE activation from those using the calcium assay (105 nMm and -

1.1 pm for SPC and LPC, respectively) are possibly derived
from different coupling efficiencies of distinct signaling path-
ways and/or different cellular environments.

To determine which G protein and other signaling inter-
mediates might be involved in the activation of SRE by SPC
and 16:0-LPC, we pretreated cells with PTX (100 ng/ml) for
16 h, or co-transfected the specific Rho inhibitor C3-exoen-
zyme (1.5 ug of pcDNA3-C3), with the reporter system. Both
PTX and C3-exoenzyme partially inhibited SRE-reporter ac-
tivation (Fig. 6C). When the two inhibitors were added to-
gether, SRE-repdrter activation in response to either SPC or
16:0-LPC was almost completely blocked, suggesting that G;
and Rho signaling pathways were involved in SRE activation
through GPR4.

SPC and LPC Activated ERK MAP Kinase in a GPR4-de-
pendent Manner—MAP kinases are key signaling intermedi-
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Fic. 8. DNA synthesis stimulated b'y SPC and 16:0-LPC in
GPR4 overexpressing cells DNA synthesis was measured by
(*H)thymidine incorporation as described under “Experimental Proce-
dures” in both GFP- and GPR4-ires-GFP-Swiss 3T3 cells. PTX was
added to selected groups at 100 ng/ml for 16 h prior to lipid treatment.
The data shown represent the mean + S.D. from three independent
experiments.

ates of DNA synthesis and cell proliferation. To determine
whether GPR4 mediates ERK MAP kinase activation in re-
sponse to SPC and LPC, we conducted Western blot analyzes of
GPR4-ires-GFP-Swiss 3T3 and GFP-Swiss 3T3 cells treated
with SPC, 16:0-LPC, and a number of other lipids. The parental
and GFP-infected Swiss 3T3 cells showed a basal level of ERK
activation, as detected by anti-phospho-ERK antibody (Fig.
7A). SPC (100 nM) increased this level of activation (Fig. 74). In
GPR4-ires-GFP-infected Swiss 3T3 cells, both SPC (100 nm)
and LPC (100 nM) enhanced ERK activation, and SPC was
more potent than LPC (Fig. 7A). A number ‘of other lipids,
including S1P, Lac-Cer, and PAF, also activated ERK in Swiss
3T3 cells, but activation was independent of GPR4 expression
(Fig. TA).

Lipid stock solutions, dissolved in ethanol or MeOH, were
=10 mM. Because the highest final concentration of lipids
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Fic. 9. SPC and LPC stimulate cell migration in GPR4 overex-
pressing Swiss 3T3 cells. Cell migration was measured in a modified
Boyden chamber assay as described under “Experimental Procedures.”
The cell numbers on the lower faces of the membranes were determined
and are presented as the mean * S.D. of three independent experi-
ments. ¥¥, p < 0.01; ¥** »p < 0.001, compared with the control. Student’s
t test was perfurmed using the GraphPad Instat software (San Diego,
CA). p < 0.05 was considered to be statistically significant.

used in this study was 10 um, the solvent content was <0.1%
in any experiment. We routinely performed solvent controls
and found that at final solvent concentrations of =0.1%,
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70-100% ethanol, and 100% methane! did not alter any pa-
rameters tested.

The higher potency of SPC over LPC was further reflected in
the coneentration- and time-dependent ERK activation (Fig. 7,
B and C). ERK activation induced by SPC compared with that
by LPC was evident at a lower concentration (~10 nM versus
100 nm), at earlier time points (1 min versus 5 min), and was
maintained for a longer time. These results strengthen the
notion that both SPC and LPC are ligands for GPR4, but SPC
has a higher affinity than LPC for GPRA4.

In GPR4-infected Swiss 3T3 cells, SPC-induced ERK activa-
tion was sensitive to PTX, suggesting involvement of G; signal-
ing (Fig. 7D). This is in contrast fo our previous studies where

. 8PC induced ERK activation via a PTX-insensitive pathway in

OGR1-transfected HEK293 cells (2). To determine whether this
difference was due to receptor subtype or different cell lines
used, we tested the PTX sensitivity of SPC-induced ERK acti-

vation in OGR1-infected Swiss 3T3 cells. Our results showed

that in Swiss 3T3 cells, SPC-induced ERK activation via OGR1
was PTX-insensitive (Fig. 7D). Thus, although GPR4 and
OGR1 are highly homologous, the same high affinity ligand
(SPC) induces activation of ERK through a dlﬁ‘erent G protein
pathway for each receptor.

SPC Stimulated DNA Synthesis in GPR4-mfected Swiss 3T3
Cells—To determine whether SPC and LPC affect DNA syn-
thesis in a GPR4-dependent fashion, we measured [*H]thymi-
dine incorporation into GPR4-ires-GFP-Swiss 3T3 and GFP-
Swiss 3T3 cells. SPC stimulated DNA synthesis in both
parental and GFP-infected cells (~6.3-fold increase with 3 pm
SPC). These results are qualitatively consistent with observa-
tions by Desai et al. (29). This stimulation was further en-
hanced by the expression of GPR4 (1.8- 2-fold increase over
GFP-infected Swiss 3T3 cells; Fig. 84). In both GFP- and
GPR4-GFP expressing cells, DNA synthesis stimulated by SPC
was inhibited by PTX (Fig. 84), suggesting G, signaling was
required for this activity. GFP-expressing cells de not respend
s1gmﬁcantiy to 16:0-LPC, whereas [PHlthymidine incorpora-
tion increased 1.6-fold in GPR4-infected Swiss 3T2 cells in
response to 3 uM 16:0-LPC (Fig. 8B). Higher concentration of
lipids did not further increase [*Hlthymidine incorporation
stimulated by SPC or LPC (data not shown).

SPC and LPC Induced Cell Migration in a GPR4-dependent
Manner—As a major component of oxidized low-density k-
poprotein, LPC has been proposed to play a role in atheroscle-
rotic lesion development (30, 31). One of the roles of LPC
potentially related to atherosclerosis is as a chemoattractant
for monocytes, T lymphocytes, and smooth muscle cells (32-34).
We used Swiss 3T3 cells infected with GFP or GPR4-ires-GFP
as a model system to compare the effects of SPC and 16:0-LPC
on cell migration. GPR4 overexpression in Swiss 373 fibro-
blasts increased cell migration in response to SPC (100 nm;
lower chamber only) and 16:0-LPC (100 nm; lower chamber
only) 2.0- and 1.7-fold, respectively, over that observed in GFP-
Swiss 3T3 cells (Fig. 94). Other lipids (18:1-LPA, S1P, or 18:0-
PAF) did not alter cell migration in GPR4- versus vector-trans-
fected cells (Fig. 9A). Cell migration stimulated by both SPC
and LPC was inhibited by C3-exoenzyme expression, suggest-
ing that Rho is involved in this process.

Concentration response studies (Fig. 9B) indicate that SPC
and LPC were effective at inducing cell migration in the 1-100
nM concentration range. To determine whether this effect was
chemotactic or chemokinetic, we measured cells that migrated
from the upper to the lower chambers in Boyden chamber
assays, conducted with lipids (at 100 nm) in both upper and
lower chambers. SPC or 16:0-LPC did not significantly change
cell motility when compared with controls (without lipid in
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either chamber) in either GFP or GFP-GPR4 expressing Swiss
3T3 cells (Fig. 9C). S1P slightly inhibited, PAF slightly en-
hanced, and LPA did not show a significant effect on cell
migration in treated versus untreated GFP or GFP-GPR4 ex-
pressing cells (Fig. 9C). These results suggest that the effect of
SPC and 16:0-LPC on cell migration was chemotactic, not che-
mokinetic, and that the chemotactic effect was mediated
through GPRA4.

DISCUSSION

GPR4 shares ~50% homology with OGR1. We therefore
speculated that these two receptors may have overlapping
ligand specificity. Indeed, the results presented here show
that GPR4 is a second high affinity receptor for SPC. OGR1
and GPR4 may play both overlapping and distinct physiolog-
ical and pathological roles. We have shown that OGR1 and
GPR4 bind SPC with similar affinities (33 and 36 nM, respec-
tively) and both receptors mediate SPC-induced increases in
intracellular calcium and ERK activation. However, GPR4-
and OGR1-mediated ERK activation is PTX-sensitive and
-ingensitive, respectively (Fig. 7A), suggesting that GPR4 and
OGR1 couple to different G proteins to activate ERK. More
importantly, these differential couplings appear to lead to
differential effects on cell proliferation. Whereas OGR1 me-
diates PTX-insensitive growth inhibition by SPC in a number
of cells tested (2), GPR4 mediates PTX-sensitive DNA syn-
thesis by SPC in Swiss 3T3 cells. Together, these data sug-
gested that the endogenous receptor(s) for SPC in Swiss 3T3
cells was GPR4-like, rather than OGR1-like, because paren-
tal Swiss 3T3 cells respond to SPC to activate ERK and
increase DNA synthesis through a PTX-sensitive pathway
(Fig. 84). The expression of- GPR4 in these cells has been
confirmed by quantitative PCR analysis (Fig. 2). '

GPR4 and OGR1 have different tissue distributions, which
may be related to their physiological and pathological roles.
Both OGR1 and GPR4 are highly expressed in the lung. How-
ever, OGR1 is expressed at high levels in the placenta, spleen,
testis, small intestine, and peripheral leukocytes (8, 18),
whereas GPR4 is not expressed, or is expressed at relatively
low levels, in these tissues. Whereas GPR4 is expressed at high
levels, in the liver, kidney, and ovary (Fig. 1), OGR1 is not
expressed in these tissues (8, 18). The physiological and path-
ological roles of these receptors remain to be further
investigated.

Another significant finding from this study is the identifica-
tion of GPR4 as the second G protein-coupled receptor for LPC
(the first LPC receptor, G2A, was recently described (14)).
GPR4 binds to LPC (in addition to SPC), but not PAF or
lyso-PAF, to mediate an increase in intracellular calcium, re-
ceptor internalization, SRE activation, MAP kinase activation,
DNA synthesis, and cell migration. Although effects of LPC on
transmembrane signal transduction have been widely re-
ported, a specific receptor recognizing LPC had not been iden-
tified previously (82). LPC lyses cells at high concentrations
(>30 um) (35) and many of the cellular effects previously re-
ported for LPC were observed at high concentrations. There-
fore, it is possible that some of the LPC effects in vivo are not
receptor mediated. On the other hand, evidence has been ac-
cumulating to support the notion that, at low concentrations,
LPC acts through membrane receptors: (a) at relatively low
concentrations (=10 um), LPC exerts cell-specific effects; (b)
LPC increases intracellular Ca®* concentration in association
with production of inositol phosphates; and (c) these actions of
LPC are markedly inhibited by treatment of the cells with PTX
and U73122 (36). Some LPC effects are believed to be mediated
through the PAF receptor in various cell types, reflected by
their partial sensitivity to PAF receptor antagonists (WEB-

GPR4 as a Receptor for SPC and LPC

2170, WEB-2086, and CV-6209) (21, 22, 37, 38). We have shown
in the present study, however, that intracellular calcium in-
crease and receptor internalization induced by LPC are de-
pendent on the expression of GPR4 and are insensitive to the
PAF receptor antagonists, BN52021, WEB-2071, and WEB-
2086. These results clearly show that LPC does not activate
these signaling pathways through PAF receptors. We have
identified G2A as the first LPC receptor (14). The expression of
G2A is restricted to lymphoid tissues (7), whereas GPR4 is
more ubiquitously expressed (Fig. 1). This, together with the
different affinities of these two receptors for LPC, may reflect
distinct physiological functions for G2A and GPR4.

Physiological concentrations of LPC in bedy fluids, including
blood and ascites, are very high (5-180 um), when compared
with other signaling lipid molecules, such as LPA, S1P and
SPC (22, 36, 40, 41).2 All receptors would be saturated, down-
regulated, and/or desensitized at these concentrations of LPC if
it were all in a form available to its receptors. However, differ-
ent concentrations of LPC present in various cellular and tis-
sue systems (i.e. different LPC compartments) may regulate
cellular functions differentially (23). LPC in plasma is present
mainly in albumin- and lipoprotein-bound forms (22). These
forms may be active in some nonreceptor-mediated functions of
LPC, such as delivery of fatty acids and choline (22), but may be
in a form unavailable for receptor activation. It has been shown -
that some of the effects of LPC are decreased in the presence of
albumin (42). Thus, the functionally available concentration of
LPC in vivo, and the activation of LPC receptors may be con-
trolled by the lower concentrations of free LPC. Although this
issue remains to be further addressed, our results shown in
Fig. 3G appear to support this notion. The presence of a 75-fold
molar excess of BSA greatly diminished the ability of LPC to
elicit an increase in [Ca®*]; through the GPR4 receptor. Per-
haps physiologically relevant concentrations of LPC in vivo
that pertain to LPCs interactions with GPR4 will be better
understood when estimates of unbound LPC concentrations in
specific tissues can be reliably made. In vivo the molar ratio of
albumin (~3-5% in plasma) to LPC can theoretically be 3—100-
fold in plasma. In extravascular sites where albumin concen-
tration is less than in plasma, the ratio of albumin to LPC can
be lower.

TDAGS8, which shares ~38% homology with OGR1 and
GPR4, has recently been shown to be a Psy receptor (15).
Treatment of cultured cells expressing this receptor with Psy or
structurally related glycosphingolipids results in the formation
of globoid, multinuclear cells (15). We have tested the effect of
Psy and related glycosphingolipids in calcium mobilization,
competition of ligand binding, and MAP kinase activation as-
says and found no evidence that these lipids interact with
GPR4. The questions of whether Psy is also a ligand for GPR4
and whether TDAGS8 is a lysophospholipid receptor require
further investigation.

It appears that ligands of GPR4-induced cell shape changes
(Fig. 5), suggesting that SPC and LLPC may affect the cellular
cytoskeleton. Both LPA and S1P are able to affect cytoskeleton
through Rho (39, 43). SPC and LPC are also able to activate
Rho, as evidenced by C3-exoenzyme sensitivity of SRE reporter
activity (Fig. 6) and cell migration (Fig. 9) induced by SPC/LPC.
It remains to be determined whether the cell shape change
induced by SPC/LPC is a Rho-mediated effect and which cellu-
lar proteins are involved in this processes.

Different cell lines (MCF10A, HEK293, CHO, and Swiss 3T3
cells) were used in our studies. As shown in Fig. 2, MCF10A
cells expressed the lowest level of endogenous GPR4 among cell

2Y.-J. Xiao and Y. Xu, unpublished results.




lines tested. This cell line does not respend to either SPC or
LPC in calcium assays (2). Therefore, calcium assays described
here were performed in these cells. Because the transfection
_efficiency of MCF10A cells is very low (2), we were unable to
establish stably expressing lines for conducting other assays.
Despite their relatively high level of GPR4 expression, HEK293
cells were chosen for the internalization and SRE reporter
assays, mainly because they are human in origin, and also
yielded a high transfection efficiency (Fig. 1). The internaliza-
tion assays utilized transfected receptor-GFP fusion proteins
and the transcriptional responses in SRE reporter assays were
compared with those in parental or vector-transfected cells.
Therefore, the effects of the exogenous GPR4 receptor were
readily separable from those of the endogenous receptor(s).
CHO cells were chosen for binding assays, because they exhibit
low responses to SPC and LPC in calcium assays and are
readily transfected. We detected SPC- and LPC-induced MAP
kinase activation through GPR4 in Swiss 3T3, but not HEK293
and CHO cells (Fig. 7 and data not shown). Hence, Swiss 3T3
cells were chosen for MAP kinase activation and mitogenic
studies. It is well known that receptor-mediated signaling
transduction is dependent on multiple cellular factors. The
molecular basis for the differential activation of GPR4 in dif-
ferent cells remains to be further explored.

In summary, our results indicate that SPC is a high affinity,
and LPC a lower affinity, ligand for GPR4. This_conclusion is
directly derived from the results of ligand binding assays X,
values of 36 versus 159 nM for SPC and 16: 0-LPC, respectively).
This is also supported by results from assays of different sig-

. naling pathways activated by SPC and LPC, including in-

» creases in calcium, transcriptional activation of SRE, ERK

{ - activation, and stimulation of DNA synthesis and cell migra-

. tion. In recent decades, many reports have described a signif-

5 icant elevation of LPC levels in cells and tissues in different

diseases (9, 32, 41). Numerous lines of evidence suggest that

LPC, which is a major lipid component of oxidized low density

lipoprotein, and which aceumulates in atherosclerotic lesions

(11), plays pathological roles in the development of atheroscle-

rosis and other chronic inflammatory diseases (11, 12). LPC

also plays other important biological roles. For example, LPC

fanctions as a fatty acid and choline carrier and delivers fatty

acids more specifically to brain than other tissues (22). The

identification of GPR4 as a receptor for LPC and SPC solidifies

the assignment of a new lysophospholipid receptor subfamily

{OGR1, GPR4, and G2A). Further studies should address pos-

sible functional redundancy among these receptors and add

important information to our understanding of mﬁammatery
diseases.
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Abstract

In recent years, certain lysophospholipids (lyso-PLs) have been recognized as important cell signaling molecules. Among them, two
phosphorylcholine-containing lyso-PLs, sphingosylphosphorylicholine (SPC) and lysophosphatidylcholine (LPC), have been shown to be
involved in many cellular processes and are produced under physiological and pathological conditions. Although signaling properties of SPC
and LPC have been studied in a variety of cellular systems, specific cell membrane receptors for SPC and LPC have not been identified
previously. Recently, ovarian cancer G protein-coupled receptor 1 {OGR1, also known as GPR68), G protein-coupled receptor 4 (GPR4), and
G2A have been identified as receptors for SPC and LPC. The signaling and ligand-binding properties of these receptors are reviewed here.

BIOCHIMICAETBIOPHYSICA ACTA -

These discoveries provide an intriguing opportunity and a novel approach in stadying the pathophysiological roles of SPC and LPC and their

receptors. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In recent years, certain lysophospholipids (Iyso-PLs)
have been recognized as important cell signaling molecules

:[1,2]. Among them, two phosphorylcholine-containing
‘lyso-PLs, sphingosylphosphorylcholine' (SPC) and lyso-

phosphatidylcholine (LPC), both produced under physio-

Abbreviations: BSA, bovine serum albumin; ERK, extracellular signal-
regulated kinase; Gal-Cer, galactosyl-1,1’-ceramide; Glu-Sph, glucosyl-
B1,1-sphingosine; GPCRs, G -protein-coupled receptors; IP;, inositol
triphosphate; Lac-Cer, lactosyl-B1,1’-ceramide; LPA, lysophosphatidic
acid; LPI, lysophosphatidylinesitol; lyso-PLs, lysophospholipids; MAP
kinase, mitogen-activated profein kinase; OGR1, ovarian cancer G-protein-

_ coupled receptor 1; PAF, platelet-activating factor; PCR, polymerase chain

reaction; PKC, protein kinase C; PMA, phorbnl—iz-m)}ristate—liﬁ‘—aceﬁate;
PTX, pertussis toxin; SIP, sphingosine-1-phosphate; SM, sphingomyelin;
SRE, serum response element; SRF, serum response factor; TDAGS, Tcell
death-associated gene 8
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logical and pathological conditions, have been shown to be
involved in many cellular processes. SPC induces both cell
proliferation and growth inhibition. It has been implicated
in a number of biological processes, including smooth
muscle contraction, wound healing, ‘and angiogenesis [3—
10]. LPC is a major plasma lipid component and transports
fatty acids and choline to tissues [11]. It plays an important
role in atherosclerosis and inflammatory diseases [12—14].
SPC and LPC are produced under physiological and
pathological conditions. Although signaling properties of _
SPC and LPC have been studied in a variety of cellular
systems, specific cell membrane receptors for SPC and
LPC had not been identified previously.

Four G protein-coupled receptors (GPCRs), ovarian
cancer G protein-coupled receptor 1 (OGR1, also known
as GPR68), G protein-coupled receptor 4 (GPR4), G2A,
and T cell death-associated gene 8 (TDAGS), belong to a
new subfamily of GPCRs (we designate them as the
“OGR1 subfamily”) that share 36—51% sequence identity
to each other and approximately 30% sequence homology
with the platelet-activating factor (PAF) receptor [15-20].
We have recently identified. the legends for OGR1, G2A,
and GPR4 as SPC and/or LPC [21-23]. These discoveries

. 1388-1981/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
PIL 51388-1981(02)00140-3
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~provide an intriguing opportunity and a novel approach to
studying the pathophysiological roles of SPC and LPC and
their receptors.

2. Identification of receptors for SPC and LPC

In an attempt to identify receptor for lyso-PLs, we
employed a polymerase chain reaction (PCR)-based cloning
strategy. We designed degenerated PCR primers based on
the sequences of receptors for PAF and thrombin. PAF is
structurally related to lyso-PLs. Thrombin activates similar
or identical signaling pathways to those induced by certain
lyso-PLs, such as lysophosphatidic acid (LPA). Using this
approach, we identified a GPCR clone from HEY (an
ovarian cancer cell line) cells, which we term OGR1. An
et al. [18] previously cloned a similar or identical GPCR
termed GPR12A (two amino acids are different in the
derived protein sequences from the two clones) by a PCR
strategy using degenerate primers designed from sequences
conserved among receptors for inflammatory mediators. The
ligand for this receptor was unknown previously, and it
shares little sequence homology with identified LPA and
sphingosine-1-phosphate (S1P) receptors (LPA;_3; and
S1P; _s). .

OGR1 shares approximately 30% sequence homology
with the PAF receptor. We tested two structurally similar
lyso-PLs, SPC and LPC, to determine if they might be
ligands for OGR1. MCF10A, an immortalized breast cell
line, does not express OGR1, as analyzed using poly-A
mRNA Northern blot, RNase protection and quantitative
PCR analyses [21]. In addition, these cells do not respond to
either SPC or LPC (up to 10 pM of lipids) to increase in
[Ca®*);. Using this cell line overexpressing OGR1, we
observed OGRI1-mediated calcium mobilization induced
by SPC. This was the first evidence that OGR1 is a receptor
for SPC. Additional pharmacological and functional assays,
including ligand binding, receptor internalization, mitogen-
activated protein (MAP) kinase activation, serum response
element (SRE) reporter activities, cell proliferation, and cell
migration, were performed to establish the receptor—ligand
relationship and characterize the signaling properties of
these receptors [21].

After identification of SPC as a high-affinity ligand for
OGR1, we postulated that SPC and/or LPC could be ligands
for G2A and GPR4. Indeed, our studies indicate that G2A
and GPR4 are receptors for both SPC and LPC [22,23].
Interestingly, these receptors display differential affinities
towards SPC and LPC (summarized below). TDAGS also
shares 36—40% sequence homology with OGR1, G2A and
GPR4. Im et al. [24] have recently identified the glyco-
sphingolipid, psychosine (galactosyl-B1-1’-sphingosine), as
a ligand for TDAGS8. Whether additional lipids may also act
as ligands for TDAGS remains to be further investigated.
This review will focus on OGR1, G2A, and GPR4 as SPC/
LPC receptors. The signaling properties of SPC and LPC

mediated through OGR1, G2A, and GPR4 are sufnmarizeci
in a comparative fashion below.

3. Intracellular calcium release induced by SPC and
LPC via OGR1 subfamily receptors

Ligand-induced increases in [Ca®*};, (in particular,
[Ca®*]; release from intracellular stores) are characteristic
of many GPCRs. Calcium release from intracellular stores
usually requires generation of inositol triphosphate (IP3),
although IP;-independent calcium mobilization also exists.
IP; is produced by phospholipase C (PLC), which is
activated by GPCRs through either G, or Gy proteins.
As summarized in Table 1 below, OGR1, GPR4, and G2A
induce transient elevations in [Ca?'];, with differential ECsp
values for SPC and/or LPC.

SPL/LPL-induced calcium release (assays were con-
ducted in the presence of EGTA to eliminate extracellular
calcium) mediated by all three receptors in MCF10A cells is
pertussis toxin (PTX)-sensitive, suggesting that a Gy, type
of G protein is involved. PAF and adenosine triphosphate

. stimulate calcium release in MCF10A cells through PTX-

insensitive G proteins, indicating that the coupling to Gy, is
not a result of impaired of G signaling in these cells. It is
well known that G protein coupling can be cell-type depend-
ent, but it remains to be determined whether this is the case
for Gy,-dependent calcium signaling mediated through the
OGR1 subfamily receptors.

An interesting feature of calcium signaling mediated by
the OGR1 subfamily is the sensitivity of OGR1 receptors to
pretreatment with phorbol-12-myristate-13-acetate (PMA).
Although the underlying mechanisms of this sensitivity
have not been directly studied, it is speculated that protein
kinase C (PKC) activity, which is induced by PMA treat-
ment, is involved in receptor phosphorylation and down-
regulation. The role of PKC in phosphorylation and
modulation of GPCRs has been extensively documented
[25,26]. There are several putative PKC phosphorylation
sites in OGR1, G2A, and GPR4 [15].

Table 1
Characteristics of increases in [Ca®'}; induced by SPC and/or LPC via
OGR1 subfamily receptors and PAFR in MCF10A cells

OGR1 G2A GPR4 PAF

Ligand SPC LPC, SPC SPC, LPC PAF
ECs 35 naM 100 nM (LPC), 105 nM (SPC), 0.3 nM
400 oM (SPC) 1.1 upM (LPC) [69]

G protein G; G; G; Gq

PAFR Insensitive Insensitive Insensitive Sensitive
antagonists .

PMA Sensitive  Sensitive Sensitive Insensitive

Reference  [21] [22] (23] [69,70]

PAFR: PAF receptor.
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4. Ligand-binding properties of OGR1 subfamily
receptors ;

To characterize the binding properties of SPC and LPC to

OGR1 subfamily receptors, we have developed a radioligand
binding assay for SPC and LPC. Table 2 summarizes the
binding properties from three of the OGR1 subfamily recep-
tors. Although OGR1 is a specific and high-affinity recepfor
for SPC, GPR4 and G2A are receptors for both SPC and LPC.
Interestingly, each of these receptors shows a distinctive
pattern of preference to the two ligands. GPR4 has a higher
affinity for SPC (K4=35.9nM) more than LPC (K3 = 159 nM),
and G2A has a higher affinity for LPC (K;=64.8 nM) more
than SPC (K3 =229 nM). To determine the ligand specificity
of these receptors, many structurally related lipid molecules
were tested for their ability to compete with [°HJSPC and
[’H]16:0-LPC. These lipids include LPA, S1P, lysophospha-
- tidylinositol (LPI), PAF, lyso-PAF, sphingomyelin (SM),
ceramide, psychosine, glucosyl-p1,1’-sphingosine (Glu-
Sph), galactosyl-B1,1"-ceramide (Gal-Cer), and lactosyl-
B1,1 -ceramide (Lac-Cer). None of these lipids were able to
compete with the binding of [*’HJSPC and [°H]16:0-LPC,
indicating that OGR1, G2A, and GPR4 are receptors specific
for SPC and/or LPC. The binding properties of these recep-
tors remain to be further characterized using more pharmaco-
logical approaches, including displacement experiments.

5. MAP kinase activation and the mitogenic effects
mediated through OGR1

OGR1, G2A, and GPR4 display distinct patterns of extra-
cellular signal-regulated kinase (ERK) activation (Table 3).
SPC induces ERK activation via both OGR1 and GPR4 in
Swiss 3T3 cells {23]. However, ERK activation mediated by
GPR4 is PTX-sensitive, whereas that mediated by OGR1 is
PTX-insensitive, suggesting that GPR4 and OGR1 couple to
different G proteins to activate ERK. More importantly, these
differential couplings appear to lead to differential effects on
cell proliferation. Whereas OGR1 mediates PTX-insensitive
growth inhibition by SPC in a number of cells tested [21],
GPR4 mediates PTX-sensitive DNA synthesis by SPC in
Swiss 3T3 cells [23].

SPC is a potent mitogen for a number of nonmalignant cell
types, including Swiss and other 3T3 fibroblasts [4,27], kera-

Table 3
MARP kinase activation via OGR1 subfamily receptors B

) OGR1 GZA GPR4
SPC ++ + -
LPC _ 4+ +
PTX sensitivity ~ No Yes . Yes
U73122 sensitivity Yes nd. nd.
Cell line responsible Swiss 3T3, Swiss 373, Swiss 3T3

HEK293 CHO .

Reference [21]- [22} 23]

+, ++, +++: positive responses, with +H+ as the relatively strongest
response; — : no response; n.d.: not determined.

tinocytes [7], and resting spleen cells in vitro [28], as well as
for many cell types involved in wound healing, including
fibroblasts, endothelial cells and cells around sebaceous
glands, and hair follicles in vivo [9]. SPC also stimulates
hypertrophic growth of cardiac myocytes and [*H]thymidine
incorporation in resting, but not Con-A-activated, spleno-
cytes [28,29]. On the other hand, we and others have shown
that SPC is a potent growth inhibitor for a number of ma-
lignant cells, including Jurkat leukemia [30], ovarian, breast
[6], and pancreatic cancer cells [5]. The mechanisms under-
lying this differential growth regulation were not revealed
previously. The identification and characterization of the two
high-affinity receptors for SPC, OGR1, and GPR4 may
provide intriguing insights on how these effects are regulated.

Our data suggest that OGR1 mediates the growth inhib-
itory effect and GPR4 mediates the growth stimulatory effect
of SPC [21,23]. HEK293 cells express endogenous GPR4,
but not OGRI1, and they respond to SPC with growth
stimulation [21]. However, when OGR1 is overexpressed in
HEK293 cells, SPC induces inhibition of cell growth {211,
Overexpression of OGR1 also confers a- growth inhibitory
effect of SPC in HeLLa and Swiss 3T3 cells [21,23]. As shown
by Desai and Spiegel [27], SPC stimulates DNA synthesis in
Swiss 3T3 cells. We have detected relatively high levels of
expression of endogenous GPR4 in these cells [23]. How-
ever, when human OGRI1 is overexpressed in 373 cells, it
converts the growth stimulatory effect of SPC to a growth
inhibitory effect (our unpublished results). In contrast, when
human GPRA4 is overexpressed in these cells, it enhances the
growth stimulatory effect of SPC [23]. Two ovarian cancer
cell lines, HEY and OCCI, as well as Jurkat, and the breast
cancer cell line; MCF7, express endogenous OGR 1, and they
respond to SPC with growth inhibition. Interestingly, these

Table 2 -
Ligand-binding properties of OGR1 subfamily receptors . )
OGR1 G2A GPR4
SPC K;=333 M K;=2289 M K3=359aM ,
Binex=1107 fmol/10° cells (HEK293) Bipax = 1840 fimol/10° cells (HEK293) Biax =996 fmol/10° cells (CHO)
Competitors: SPC Competitors: SPC, LPC Competitors: SPC, LPC
LPC No binding K4=648 nM K;=159.1 oM
v Beoax= 1503 finol/10° cells (HEK293) Bioax=1528 fmol/10° cells (CHO)
. . Competitors: SPC, LPC . } Competitors: SPC, LPC
Reference [21] [22] [23]
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cells also express endogenous GPR4 [23]. It is possible that
either OGR1 plays a dominant role or the balance between
these two receptors is responsible for determining the growth
response to SPC, which needs to be further addressed. The
growth inhibitory and stimulatory effects of SPC mediated by
OGR1 are PTX-insensitive and those mediated by GPR4 are
PTX-sensitive, suggesting that different G proteins are
involved in the differential growth effects of SPC. This work
has formed a basis for further exploration of the mechanisms
of SPC- and LPC-regulated DNA synthesis and cell prolif-
eration in different cellular systems.

6. Rho-dependent activities of SPC and LPC

Rho-dependent activities induced by SPC and LPC
through their receptors include induction of transcriptional
activity through SRE, actin rearrangement, and cell migration
" [23,31]. SPC and 16:0-LPC induce a concentration-depend-
ent activation of SRE in GPR4-transfected HEK293 cells
[23]. Both PTX and C3-exoenzyme (a specific inhibitor of
Rho} partially inhibit SRE-reporter activation. When the two
inhibitors are added together, SRE-reporter activation in
response to either SPC or 16:0-LPC is almost completely
blocked, suggesting that G; and Rho signaling pathways are
involved in SRE activation through GPR4. SPC, but not LPC,
also induces transctiption activation of SRE via OGRI
(unpublished results). :

G2A activates Rho via G,3, leading to actin rearrange-
ment and serum response factor-dependent transcription
activation [32]. SPC- and LPC-induced cell migration (che-
motaxis) via GPR4 is sensitive to C3-exoenzyme [23]. LPC
also induces cell migration in a G2A-dependent manner in
Jurkat T cells [22]. As a major component of oxidized low-
density lipoprotein, LPC has been proposed to play a role in
atherosclerotic lesion development [12,31]. One of the
major effects of. LPC on cells involved in atherosclerosis
and other chronic inflammatory diseases is chemoattraction
of T cells and macrophages [33,34]. The role of LPC
receptors (GPR4 and G2A) in cell migration under patho-
physiological conditions remains to be determined.

7. LPC compartmentation and nonreceptor-mediated
effects of LPC

Unlike other lipid signaling molecules, such as LPA, S1P,
and SPC, the physiological concentrations of LPC in body
fluids, including blood and ascites, are very high (5—180 uM)
[11,35-37] (our unpublished results). In addition, LPC may
lyse cells at high concentrations (>30 uM) [38] due to its
detergent like properties. Although numerous lines of evi-
dence have been accumulated against a simple nonspecific
membrane-damaging effect of LPC, and transmembrane
signal transduction induced by LPC has been studied in many
cellular systems, it was thought that a specific membrane

LPC may not exist [33,39]. In fact, if all of the LPC was all in
an active form that could to interact with its receptors, all LPC
receptors would be saturated and/or downregulated.

This puzzle may be addressed in several ways. In their
recent “Perspective” article, Carson and Lo [40] have linked
the concept of LPC compartmentalization to the LPC recep-
tor. Different concentrations of LPC present in various
cellular and tissue systems (i.e., different LPC compartmen-
tations) may regulate cellular functions differentially. In
addition, LPC in plasma is present mainly in albumin- and
lipoprotein-bound forms [11]. These forms may be active in
some nonreceptor-mediated functions of LPC, such as deliv-
ery of fatty acids and cholines [11], but may be in an
unavailable form for receptor activation. It has been shown
that serum proteins neutralize the toxic effects of LPC [41].
We have shown that in the presence of molar excesses of
bovine serum albumin (BSA), the ability of LPC to elicit an
increase in [Ca®*]; through its receptor, GPR4, was greatly
diminished [23]. Thus, the functionally available concentra-
tions of LPC in vivo and the activation of LPC receptors may
be controlled by a balance between different forms of LPC,
including the free form, the albumin-bound form, other lipo-
protein-bound forms and/or potentially unidentified forms.
Receptor expression regulated by physiological and patho-
logical conditions would also play an important role in
controlling LPC-induced effects. A wide variety of signals,
including DNA-damaging reagents and stress, activate G2A
expression [20].

In most previous biological and signaling studies of LPC,
>10 pM of LPC was used. In addition, various forms of
LPC have been used, including LPC without carriers and
BSA-bound and lipoprotein-associated LPC. Characteriza-
tion of OGR1 subfamily receptors suggests that these
receptors respond to LPC and SPC in the range of 1 nM
to 10 pM, and lipids at >10 pM appear to have declining
activities (unpublished results). In addition, when BSA is
present at molar excess, LPC and SPC seem to have
diminished abilities to activate receptor-mediated effects
[23]. Whether the effects of LPC elicited at high concen-.
trations (>30 pM) and/or in the bound forms are mediated
through receptors remains to be further investigated.

The biological effects and the signaling properties of LPC
have been most extensively studied in vitro in cells related to
atherosclerosis, including endothelial cells, smooth muscle
cells, monocytes, and lymphocytes (see review articles in
Refs. [12,33,39]). LPC activates PLC [35] and PKC [33],
induces increases in [Ca®*]; [35,42], and activates or inhibits
MAP kinase [43,44]. LPC has been demonstrated to be
atherogenic. However, antiatherogenic actions of LPC have
also been reported [39]. It will be important to determine
whether this “dual” function of LPC is related to (a)

receptor-mediated vs. nonreceptor-mediated effects, (b)

LPC and receptor compartmentalization, and/or (¢) LPC
effects mediated via different types of proteins/receptors.
The endogenous expression of G2A and GPR4 in these cell
types remains to be determined. Nevertheless, the identifica-
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tion of G-protein-coupled receptors for LPC has brought a
- new opportunity to study these effects and signaling path-
ways of LPC in the context of its receptors.

8. The possibilities that other receptors function as
receptors for LPC and SPC and other lipid molecules
function as ligands for OGR1 subfamily receptors

LPChasbeen shown to activate cellularresponses in a PAF
receptor-dependent manner [42,45,46]. However, our studies
have shown that LPC and SPC are not able to induce an
increase in calcium through the endogenous PAF receptor in
parental MCF10A cells [21-23]. Therefore, it is unlikely that
the increase in calcium induced by LPC was mediated by the
PAF receptor. This is further confirmed by using three PAF-
receptor-specific antagonists: BN52021, WEB-2170, and
WEB-2086 [21-23]. Similarly, SPC- and LPC-induced
receptor internalization is insensitive to PAF-receptor antag-

onists [21-23]. However, the possibility that LPC and SPC-

activate receptors other than OGR1, G2A, and GPR4 does
exist. In fact, SPC has been shown to be a low-affinity ligand
for S1P;, S1P,, and S1P;, which are high-affinity receptors
for S1P, as assessed by functional studies and/or ligand-
binding analyses [47,48]. However, high concentrations of

SPC are required to activate S1P receptors. Moreover, contra-

dictory observations have been reported to suggest that these
receptors do not bind SPC and are not activated by SPC
[49,50]. Similarly, activation of the PAF receptor by LPC
requires high concentrations of LPC (5—25 uM). Whether the
PAF receptor represents a low-affinity receptor for LPC
remains to be further investigated. The potential of TDAGS

as areceptor for SPC and/or LPC, in addition to psychosine, is

appealing. It is also possible that these phospholipid receptors
interact with each other (engaged in cross-talk) in certain
cellular systems. The apparent involvement of other low affi-
nity receptors, such as S1P or PAF receptors, in SPC and LPC
signaling, may not be due to direct binding and activation.

TDAGS has recently been shown to be a psychosine re-
ceptor [24]. Treatment of cultured cells expressing this recep-
tor with psychosine or structurally related glycosphingolipids
results in the formation of globoid, multinuclear cells [24].
Our studies which show a negative response to psychosine in
calcium mobilization, ligand binding, and MAP kinase acti-
vation assays, using <1 uM psychosine suggest that psy-
chosine is unlikely to be a high-affinity ligand for OGRI,
G2A, and GPR4 [23]. The question of whether psychosine is
a low-affinity ligand for OGR1, G2A, or GPR4 remains to be
answered.

9. The occurrence of SPC and LPC in biological fluids
and tissues

An imbalance in sphingolipid metabolism underlies a
number of human diseases, as recently reviewed by Prieschl

and Baumruker [51]. Increased levels of SPC have been
found in patients with Niemann-Pick disease, resulting from
a deficiency of sphingomyelinase activity [52—54]. The
potential pathological role of SPC in this disease has been
suggested by its deleterious effect on mitochondrial function
and calcium uptake [54]. Abnormally high levels of SPC
have also been reported in the epidermis of patients with
atopic dermatitis, due to abnormal expression of an SM
deacylase, which generates SPC from SM [55]. The patho-
logical effect of SPC in skin diseases has been suggested by
its role in inflammatory processes of the epidermis through
upregulation of intercellular adhesion molecule-1 and tumor
necrosis factor-e [55,56]. )

The levels of LPC are elevated in many diseases related
to inflammation [33,57]. More recently, elevated LPC levels
(in particular, the ratios of palmitoyl-LPC to linoleoyl-LPC)
have been reported in ovarian cancer [37] and multiple
myeloma [58]. |

We have recently reported the detection of 20-200 nM
SPC and 22—-45 pM of LPC in ascitic fluids from patients
with ovarian cancer [59]. Importantly, the levels of SPC
were significantly (p=0.0011) higher in ovarian cancer
ascites than in ascites samples from patients with nonmalig-
nant diseases, such as liver cirrhosis [59,60], suggesting that
SPC may be involved in ovarian cancer development. Total
LPC levels, on the other hand, were less significantly
different in the two groups of patients {ovarian cancer vs.
nonmalignant liver diseases). LPC has been shown to be
involved in many inflammatory diseases, and inflammation
is involved in both ovarian cancer and liver cirrhosis.
Therefore, it may be physiologically relevant that ascitic
LPC levels were similar from both groups.

LPA is a growth factor for ovarian cancer cells, but it also
regulates their other functions [6,61—63]. Interestingly,
ascites from patients with ovarian cancer contains a secreted
lysophospholipase D-like activity, which converts LPC to
LPA. When cell-free ovarian cancer ascites were incubated
at 37 °C, the levels of LPC were decreased and the levels of
LPA were increased within 24—72 h. This activity is
sensitive to EDTA and EGTA treatment, suggesting the
involvement of a calcium-dependent enzymatic activity was
involved (our unpublished observations).

The levels and the biological activities of lyso-PLs are
controlied by many factors, including enzymatic activities
(for both production and degradation/conversion), cellular
compartmentalization, and association with different pro- .
teins. Enzymatic activities are regulated by many extracel-
lular stimuli. The metabolic pathways of glycerol-based
phospholipids and sphingolipids are interlocked [64]. Phos-
phatidylcholine is the donor for the phosphorylcholine
group in sphingomyelin synthesized from ceramide by
sphingomyelinase [64]. The production and regulation of
levels of SPC and LPC under physiological and patholog-
ical conditions remain to be further addressed in order to
understand their pathophysiological roles. In addition, these
investigations will provide an important basis for develop-
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ing methods to control the levels of these lipids and to
prevent their pathological functions in diseases.

10. Potential physiological roles of SPC/LPC receptors

Our understanding of the physiological roles of the
OGR1 subfamily receptors is still preliminary, and the
complexity of the potential roles of these receptors has
already emerged. This complexity may be related to poten-
tial receptor redundancy in tissues, high concentrations of
LPC in serum and plasma, and LPC compartmentalization.
This review summarizes our knowledge to date and notes
certain perspectives to be addressed in future studies.

The role of G2A in immunology has been revealed by in
vitro studies [20,31,65] and, more importantly, studies in
G2A-deficient mice [66]. G2A is expressed predominantly
in lymphoid tissues [20,65]. G2A-knockout mice develop
secondary lymphoid enlargement associated with abnormal
expansion of both T and B lymphocytes. With age, these
animals develop a late-onset autoimmune syndrome, suggest-
ing that G2A functions as an immunosuppressor gene [66].

The potential role of G2A in tumor development appears
to be complex. It suppresses the transformation potential of
B lymphocytes (which expresses endogenous G2A) induced
by BCR-ABL and other oncogenes [20]. In fibroblasts, G2A
induces morphological transformation of NIH 3T3 fibro-
blasts, yet inhibits BCR-ABL-induced transformation of
Rat-1 fibroblasts to become anchorage independent [20,31].
Zohn et al. [65] have suggested that G2A functions as an
oncogenic receptor, based on their observation that G2A
overexpression in NIH 3T3 cells induces a full range of
phenotypes characteristic of oncogenic transformation. How-
ever, without actually showing the data on progressive tumor
formation, whether the effects of G2A overexpression is more
a morphological transformation or a true tumorigenic effect
remains to be further addressed.

The tissue distributions of OGR1 subfamily genes are
summarized in Table 4, based on published data from a
number of laboratories ‘and our own results. All four genes
are expressed in more than one lymphoid tissue. GPR4
showed the highest expression in ovary, liver, lung, kidney,
lymph node, and subthalamic nucleus, but not in other
tissues, including some areas of the brain, colon, bladder,
uterus, stomach, pancreas, salivary gland, mammary gland,
peripheral blood leukocytes, fetal brain, and fetal heart
[18,23] OGRI1 is expressed at high levels in the placenta,
spleen, testis, small intestine, and peripheral leukocytes, but
is not expressed in the liver, kidney, or ovary [15,18]. As
two high-affinity receptors for SPC, OGR1 and GPR4 may
play both overlapping and distinct physiological and patho-
logical roles. G2A and TDAGS8 are expressed predomi-
nantly in lymphoid tissues.

OGR1 subfamily receptors may belong to a subfamily of
receptors that respond to stress and/or death-related signals.
For example, the bovine homolog of OGRI, bRGR, is

Table 4
Gene expression of OGR1 and related receptors in human tissues
OGR1 GPR4 G2A TDAGS
Heart + ++ + -
Brain ++ + (subthalamic -
nucleus)
Placenta +H H++ -
Lung +H+ +HH+ + +
Liver - -+ +
Skeletal muscle - +H+ -
Kidney + - -+ ++
Pancreas - - -
Spleen -+ ++ ++ ++H+
Thymus + + -+ ++
PBL + - At
Lymph node +++ A+
Bone marrow + +
Prostate + ++ -
Testis +H+ ++ +
Ovary - -+ -
Small intestine ++ + +
Colon - + -

The relative expression levels of OGR1 and related genes in different
human tissues are expressed by “+” (positive expression), and *—
(negative expression), and the number of “+” is correlated with the
relative expression levels. Data from Refs. [15,17,18,20,24]. PBL: peri-
pheral blood lymphocytes.

upregulated during amino acid depletion [67]. These recep-
tors may also induce cell death and/or apoptosis themselves.
We have observed that overexpression of OGR1 in HEK
293 cells induces apoptosis (unpublished data). G2A is a
DNA damage- and stress-inducible GPCR, which blocks
cells in the G2/M phase of the cell cycle [20]. TDAGS was
isolated as an upregulated gene during activation-induced
apoptosis in T cells [16,17]. Interestingly, three of these
genes (OGR1, TDAGS, and G2A) are located on chromo-
some 14g31-32, a region which is known to be associated
with ovarian cancer predisposition and progression through
loss of heterozygosity [68], and where abnormalities are
frequently found in human T cell leukemias and lymphomas
[17,20].

The potential role of OGR1 as a tumor suppressor is
suggested by a number of observations. Although OGR1
was originally cloned from ovarian cancer cells, we later
found that OGR1 is expressed in only 2 of 10 ovarian
cancer cell lines and 2 of 7 ovarian tumor tissue samples
tested using RNase protection analysis. More importantly,
one of the ovarian tissue samples appeared to express a
mutant form of OGR1, since the protected fragment was
about 30 nucleotides shorter than that from wild-type OGR1
(unpublished results). OGR1 mediates growth inhibition
induced by SPC, as described above. These data, together
with OGR1’s genomic location (chromosome 14q31-32, a
location potentially involved with ovarian cancer predispo-
sition [68] and abnormalities in T cell leukemias and lym-
phomas [31]), suggest that OGR1 may function as a tumor
SUppressor.
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11. Future directions

Determination of the pathophysiological functions of
SPC, LPC, and their receptors is of primary importance.
These factors are likely to be involved in many important
biological systems and processes, such as brain biology, car-
diovascular systems, immunology, inflammation, and cancer.

The signaling mechanisms (in particular, receptor-medi-
ated signal fransduction of SPC and LPC) have not been
studied extensively, compared to studies on LPA and S1P,
- which are prototypes of lipid signaling molecules. The

identification of LPC/SPC receptors has clearly formed a
basis for the future understanding of the role and signaling
- mechanisms of these lipids in biological systems.
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Abstract: Lysophospholipids (LPLs), including glycerol- and sphingoid-based lipids, stimulate cell
signaling and potentially play important pathophysiological roles in humans and other animals.
These LPLs include lysophosphatidic acid (LPA), lysophosphatidylcholine (LPC),
lysophosphatidylserine (LPS), sphinogosine-1-phosphate (SIP), and sphingosylphosphorylcholine
(SPC). Analyses of LPLs in human body fluids from subjects with different pathophysiological
conditions reveal not only the relevance of LPLs in human diseases, but also their potential
application as biomarkers and/or therapeutic target. In recent years, the identification and/or
characterization of the plasma membrane receptors for LPLs and enzymes regulating the metabolism
of LPLs have greatly facilitated our understanding of their role and signaling properties. In vitro and
in vivo functional and signaling studies have revealed the broad and potent biological effects of
LPLs and the mechanisms of LPL actions in different cellular systems. Development of specific
antagonists for each of the LPL receptors will provide powerful tools for dissecting signaling
pathways mediated by receptor subtypes. More importantly, these antagonists may serve as
therapeutics for relevant diseases. Genetic depletion of LPL receptors in mice has provided and will
continue to provide critical information on the pathophysiological roles of LPL receptors. It is
important to further evaluate the significance of targeting these bioactive LPL receptors, their

downstream signaling molecules, and/or metabolic enzymes in the treatment of cancers and other

diseases.

Key words: lysophospholipids (lyso-PLs), lysophosphatidic acid (LPA), spingosine-1-phosphate

(S1P), sphingosylphosphorylcholine (SPC), lysophosphatidylinositol (LPI), lysophosphatidylcholine

(LPC), ovarian cancer, G protein coupled receptors (GPCRs)




For several decades, LPLs were known as precursors/intermediates of lipid biosynthesis,
and/or components of the plasma membrane. Although the effects of LPA on blood pressure and
platelet aggregation has long been recognized [1,2], the evidence for LPA as a first messenger and
its signaling properties were only clearly demonstrated in the late 1980s and early 1990s [3-6].
During the same period, SIP was also recognized as a cell-signaling molecule [7,8]. These
pioneering publications have led to a rapid growth in the field, which is reflected in part by the
steadily increasing numbers of publications related to bicactive LPLs [9].

The cellular responses to LPA are very broad, ranging from chemotaxis in Dityostelium
amoebae, cell differentiation, proliferation, apoptotic protection in many cell typ;:s, platelet
aggregation, smooth muscle contraction, to tumor cell invasion [10]. Other LPLs also have broad
cellular effects. However, the degree to which these tested effects are pathophysiologiclly relevant
is unclear.

Unfolding the pathophysiological roles of LPLs has taken several directions in the past few
years: 1) the determination of lipid content under different pathophysiological conditions and the
potential correlation between the levels of LPLs and their functions; 2) the identification of
enzymes/proteins involved in the metabolism and transport of LPLs; 3) signaling and functional
studies under pathophysiologically relevant conditions; 4) the development of specific antagonists to
block the biological effects and signaling pathways of LPLs; and 5) the determination of LPL
receptor functions through genetic manipulation. Several reviews have addressed the recent
progress of many of these aspects [11-28]. The entire issue of Biochim. Biophy. Acta, 1582 (2002)

is devoted to address the role and signaling of LPLs in a variety of cellular systems, including
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neurological, cardiovascular, angiogenic, inflammatoray, immunological, and oncogenic systems.

This review discusses some aspects related to the first three identified areas listed above.

LIPID ANALYSES AND THE PATHOPHYSIOGICAL RELEVANCE

To address the pathophysiological relevance of LPLs, it is critically important to obtain
informétion on physiological levels of these LPLs in animal tissues and cellular systems under
investigation. However, most LPLs are poor in UV/visible absorbance and therefore normal
UV/visible detectors are incapable of detecting these LPLs. Classical gas chromatography requires
esterization of fatty acids derived from LPLs, which is time consuming, and inaccuracies can be
easily introduced into the measurement. In addition, a number of LPLs, such as lysosphingolipids
and ether-linked glycolysophospholipids, do not contain esterifiable fatty acid. Moreover, LPLs
compose less than 5% of total phospholipids. In particular, LPA and S1P, the two most potent
signaling LPLs, are present in body fluids and cellular systems in the nM to low M range, and thus
it is difficult to detect their levels accurately.

A number of biological methods to analyze LPA and/or S1P have been developed recently
[26,29-36]. These methods are dependent on either a biological activity of the lipid, or an enzymatic
activity converting the lipid to a photometrically/radioactively detectable substance. While these
methods are usually convenient to conduct, they may suffer from a number of shortcomings. First,
they may not be sensitive enough to detect a pM range of lipids, which is essential for identifying
low levels of LPLs in small volumes of body fluids or cell culture supernatants. Second, these
methods cannot detect different molecular species of LPLs, such as LPAs with varying fatty acid
side chains. Third, the results may be influenced by endogenous factors, which affect either the

biological activity of the lipid or the enzymatic activity converting the lipid. Finally, the activity of




batch-to-batch preparations of the converting enzyme may vary. An ideal method to detect lipids is
antibody-based. However, LPLs are generally not antigenic and it is very difficult to raise specific
antibodies against these lipids. Although a few such antibodies have been developed or detected in
human/animal serum [37-42], the clinical and research utilities of these antibodies remain to be seen.
Methods of LPL analyses using mass spectrometry have been developed in the past a few
years [43-52]. In particular, we have developed a highly sensitive, reproducible, and quantitative
method to analyze all major LPLs simultaneously [53,54]. Using this mass spectrometry-based
method, we have shown that a variety of LPLs are present in human body fluids [53,54]. Some of
these LPLs, and in particular, the different molecular species of LPA, are elevated in patients with
ovarian cancer [53-55]. Our preliminary results show that LPA levels are not elevated in plasma
from patients with leukemias; or breast, prostate, and renal cancers, indicating that the elevation of
particular LPLs is cancer type- and disease-specific [55](Xiao and Xu, unpublished results).
Elevated LPA levels have also been reported in renal dialysis patients and patients with
multiple myeloma [56, 57]. Elevated levels and altered fatty acid composition of plasma LPC have
been reported in ovarian cancer patients [57]. Increased levels of LPA may also be associated with

other non-malignant pathological conditions. Our preliminary results also suggest that LPA levels

~ were elevated from patients with type II diabetes, compared to healthy controls (3.2+0.2 versus 0.6

0.4 puM; n=6 in each group). After a program that reduced energy uptake, which lowered blood
glucose levels by 33%, the mean LPA level was significantly reduced by 37% (Annamaria B
Manodori, Yi-jin Xiao, and Yan Xu, unpublished results). Table 1 summarizes different LPL

contents in plasma and ascites from patients with ovarian cancer, non-malignant diseases or healthy

female controls.




Several general notions may be derived from the data shown in Table 1 and other published
data. First, although there is a relatively wide range of individual variations in levels and molecular
species within any group of human subjects, elevated LPLs are significantly associated with certain
human diseases. Second, levels of most negatively charged LPLs, including different molecular
species of LPA and LPI, are higher in ovarian cancer ascites, compared to those in plasma from the
same patients, suggesting that these elevated LPLs are locally produced by tumor cells and/or
produced in a tumor cell-regulated fashion. In contrast, the blood levels of LPC, SPC, and
sphingomyelin are similar or higher than those of ascites, suggesting that the main source(s) of blood
LPC and SPC may not be tumor related. This is consistent with our knowledge about the production
of LPC, which takes place mainly in the liver [59]. Third, both LPA and S1P have been shown to be
produced by activated platelets [60-64]. Contribution of platelet-derived LPA in total blood L?A
levels is consistent with observations that serum (where platelets are activated) levels of LPA are
higher than that in plasma (where platelets are not activated and most of them are removed by
centrifugation) from same subjects [65]. However, we did not observe higher S1P levels in serum
versus plasma (our unpublished data). These results suggest that other source(s) may contribute to
S1P production and/or degradation in blood. Fourth, comparisons among molecular species of LPA,
LPI, and LPC in ascites versus blood suggests that while the predominant species of LPC and LPI
are similar in both ascites and plasma, there are differences with respect to LPA both in terms of the
predominant molecular species present and the distribution of speciés. 16:0-LPC was the
predominant LPC species in both ascites and plasma. 16:0 or 18:0-LPI was the predominant LPI
species in both fluids. In contrast, while 16:0 or 18:0-LPA was the predominant LPA species in the
plasma of most ovarian cancer patients, approximately 50% patients had other LPA species as the

predominant species in their ascitic fluids (our unpublished results). We noted that LPS, which




appears to have specific effects on mast cells, T cells and neural cells [66-68] was not detected in
blood or ascites samples from healthy controls (both male and female) and patients with ovarian,
breast, or prostate cancer.

Recently, work by Baker et al did not observe differences between LPA levels in plasma
from patients with ovarian cancer and controls [69]. The basis of the discrepancies between studies
needs to be further investigated. The realization has come forth that a number of issues need to be
more carefully addressed in LPL analyses. Unlike protein/peptide markers, LPLs are metabolites.
The levels of these lipids may change during sample collection and processing. Thus, particular
cautions are required during sample collection and processing. The use of proper glass/plastic ware
for processing LPLs is critical. The most commonly used plastic ware may bind >90% of LPA and
other negatively charged LPLs (our unpublished results). Thus, glass and siliconized plastic ware
are highly recommended for lipid processing. In order to effectively compare results from different
studies, "standard" collection and analytical methodologies for LPLs need to be developed or
accepted. Development of a high throughput method for lipid analysis is essential for its clinical
applications. Recently developed chip-based mass spectrometry methods, such as surface-enhanced

laser desorption and ionization (SELDI), are highly appealing.

LPL METABOLISM AND TRANSPORT
Our understanding of LPL synthesis and the mechanisms of extracellular LPL generation are
still limited. In particular, there is little information on how intracellularly synthesized LPA and S1P

are released from cells. A number of recent review papers have described the synthesis and release

of LPA and S1P, and enzymes involved in metabolism of LPA and S1P [21-24].




G protein coupled receptors (GPCRs) for LPLs [70,71] can transport their ligand when they
are activated and internalized. In addition, a number of LPA transporters or binding proteins have
been identified [12,21]. The yeast oligomycin resistance gene, a member of the ATP binding
cassette family of proteins is involved in transporting S1P [72]. The cystic fibrosis transmembrane
regulator (CFTR) is involved in the uptake of S1P and LPA, but not sphingosine, C(16)-ceramide,
sphingomyelin, SPC, phdsphaﬁdylchoiine, LPC, or phosphatidic acid [72]. Whether these or
additional transporters are directly involved in LPA and S1P release remains to be determined.

Interestingly, more data have been accumulating to show that both LPA and S1P can be
produced directly extracellularly. LPA can be produced by secretory phospholipase 2 (sSPLA2) [73].
Ancellin et al. have shown recently that sphingosine kinase-1, the enzyme that catalyzes the
formation of S1P, can be constitutively exported by endothelial cells and thus SIP can be
synthesized extracellularly [74].

Perhaps the most exciting development in LPL synthesis is the recent identification of the
first mammalian lysophospholipase D (lyso-PLD) [75-77]. Although Tokumura and his co-worker
observed the lysoPLD activity in plasma as early as 1986 [78-81], this enzyme has only recently
been identified. Quite surprisingly, the mammalian lysoPLD is a previously known protein,
autotaxin, which is a cell motility-stimulating ecto-phosphodiesterase. Importantly, the soluble form
of this lysoPLD, a proteolytic cleavage product of the membrane bound enzyme, is active and
capable of producing extracellular LPA from LPC [75-77].

Under physiological conditions, LPC is mainly secreted by the liver and circulated at high
concentrations in plasma (12-166 uM; Table 1). The concentrations of LPA in plasma from healthy

subjects are much lower, when compared to LPC (Table 1 and [63]), suggesting that the conversion

of LPC to LPA must be tightly controlled. The regulatory mechanisms of lysoPLD, at either




expression or activity level, are unknown. How much of this lysoPLD activity accounts for the
amount of the LPA present in plasma remains to be determined. We have observed that when
ascites from patients with ovarian cancer were incubated at 37°C, LPA levels were increased, and
LPC levels were decreased, suggesting a lysoPLD activity is present in human ovarian cancer ascites
(our unpublished results). It will be highly interesting to determine whether lysoPLD is the major
enzyme responsible for the elevated LPA levels observed in ovarian cancer ascites. Furthermore,
since LPC is significantly involved in atherosclerosis, it will be intriguing to determine whether

there is a relationship between lysoPLD activity and heart disease.

SIGNALING AND FUNCTIONAL STUDIES UNDER PATHOPHYSIOLOGICAL
RELEVANT CONDITIONS

Elevated LPA levels in blood and ascites of patients with ovarian cancer suggest that LPA
plays a role in ovarian cancer initiation and/or development. The cellular effects of LPA in ovarian
cancer cells have been recently reviewed [25,26,82]. To understand the potential role of LPLs
present in ascites on ovarian cancer cell proliferation, we tested the effects of LPLs detected in
ovarian cancer ascites in a panel of human cancer cell lines, including 6 ovarian cancer cell lines
(HEY, OCC1, SKOV3, ovcad20, ovcad29, and ovcad32), five breast cancer cell lines (MCF7,
T47D, MDA-MB-231, MDA-MD-435, and MDA-MB-453), and four prostate cancer cell lines (PC-
3, LnCap, PC2-4, and DU145). In addition, we have included in our studies two non-malignant cell
lines: MCF10A, an immortalized breast cell line [83], and an immortalized human microvascular
endothelial cell line HMEC-1 [84]. The results from Swiss 3T3 cells are also included for

comparison (Table 2). The concentration of all lipids used ranged from 0.1 uM to 10 pM. All




results in Table 2 are presented as % of thymidine incorporation compared with controls in the same

cell line.

LPA (including ether-linked LPAs)

In general, physiological concentrations of LPA (1-10 yM) are growth stimulatory in
malignant cells. Among three types of cancer cells (ovarian, breast, and prostate), ovarian cancer
cells appear to be more responsive to the proliferative effect of LPA, although the selection of cell
lines tested may have biased the results observed. In contrast, LPA does not induce DNA synthesis
in the two non-malignant human cell lines (MCF10a and HMEC). In fact, the proliferation of
HMEC cells were approximately 50% inhibited by LPA (1-10 uM), assessed by the MTT dye
reduction assays (our unpublished results). Normal ovarian surface epithelial cells do not respond to
LPA [26,85]. These results suggest that some, but not all, cancer cells, have acquired an increased
responsiveness to LPA. LPA also protects cells from apoptosis [86,87], and modulates cell adhesion
and migration [88-91]. LPA induces pro-angiogenic factors, such as interleukin-8 and vascular
endothelial growth factor (VEGF) in ovarian bancer cells [85,91].

Different molecular species of LPA have different biological effects. 18:1-LPA is much
more mitogenic than 16:0- and 18:0-LPAs in ovarian cancer cells [26,93,94]. Physiological
concentrations of alkyl- and alkenyl-LPAs stimulate both DNA synthesis (measured by
[*H]thymidine incorporation) and cell proliferation (measured by MTT assays and cell count) [90].
Acyl- and ether-linked LPAs induce cell migration [90,95]. Interestingly, while the LPA-induced

endothelial cell migration is mainly through chemokinetics, the ether-linked LPA-induced ovarian

cancer cell migration is mainly chemotactic [90,95].




The signaling properties of LPLs were mainly studied in model cellular systems, such as
fibroblasts [3,7,8,25]. The cellular responses and signaling mechanisms of LPA and S1P and their
receptors have been recently reviewed [12-20,27,18]. We have recently reviewed the newly
identified receptors for LPC and SPC [71].

For ovarian cancer cells, an upregulated PI3K-Akt signaling pathway is critically important
in cancer development [26]. Using a Genechip technology, we identified Akt2 as one of the genes
upregulated (3.5 to 4-fold) by both LPA (10 pM) and S1P (1 pM) in HEY ovarian cancer cells (our
unpublished results). Mechanistic studies conducted in ovarian cancer cells revealed that PI3K is an
upstream activator of both MAP kinase and Akt signaling pathways. The kinase activity and S473
phosphorylation of Akt induced by LPA (both acyl-LPAs and ether-linked LPAs) and S1P requires
both mitogen-activated protein kinase kinase (MEK) and p38 MAP kinase, and MEK is likely to be
upstream of p38, in HEY ovarian cancer cells. The requirement for both MEK and p38 is cell type-
and stimulus-specific. Of importance, these studies have revealed that LPA and S1P induce
interactions between a major cell proliferation signaling pathway (MEK/ERK) and a major cell
survival pathway (PI3-K/Akt) in ovarian cancer cells. LPA/S1P-induced Akt activation may be
involved in cell survival, since LPA and SIP treatment in HEY ovarian cancer cells results in a

decrease in paclitaxel-induced caspase-3 activity in a PI3-K/MEK/p38-dependent manner [86,87].

S1p
We found recently that S1P was significantly increased in the blood of patients with ovarian

cancer, when compared with patients with benign gynecological diseases (unpublished results).

S1P (1 uM) activates ERK and Akt in ovarian cancer cells. Pretreatment of S1P (1 uM) reverses the

apoptotic effect induced by palitaxel [87]. S1P also induces the secretion of IL-8, a pre-angiogenic




factor [85]. In addition, SIP modulates adhesion and migration of ovarian cancer cells [91] (our
unpublished data)

S1P stimulates DNA synthesis in many cellular systems [96], with the exception of some
breast cancer cell lines (Table 2)[97]. It will be interesting to see whether the inhibitory effect in
breast cancer cells is due to: 1) a relatively high expression of S1P;, which mediates the anti-
proliferative effect [96]; 2) a rapid conversion of S1P to sphingosine (which is growth-inhibitory) in
these cells; and/or 3) the negative effect of SIP on cell attachment. SI1P (1-20 uM) inhibits
adhesion, and consequently inhibits cell proliferation in certain cell types [91].

Physiological concentrations of S1P (< 1 uM) were not effective in DNA synthesis in most
of the cell lines tested (Table 2). Therefore, the physiological relevance of the effect of SIP on
thymidine incorporation remains to be carefully examined. Moreover, receptors S1P, ; (Edgl,3,5),
receptors for SIP, have been shown to be down-regulated, while LPA, (Edg4) and LPA, (Edg7),

receptors for LPA, are elevated in ovarian cancer cells [26]. Thus, the role of S1P in ovarian cancer

remains to be further explored.

LPI

The biological role of LPI has been reviewed recently [98]. LPI, but not LPA, stimulates
insulin release in pancreatic islets [99]. LPI, but not LPC or LPE, has been shown to stimulate cell
proliferation in differentiated and in K-ras transformed thyroid cells [100]. Elevated levels and
mitogenic activity of LPI have been reported in k-ras-transformed epithelial cells and H-Ras-
transformed fibroblasts [100]. However, as shown in Table 2, LPI (at physiologically relevant

concentrations) inhibited mitogenesis in all 6 ovarian cancer cells tested, despite the fact that it was

elevated in both ascites and plasma from patients with ovarian cancer. One of the explanations for




these observations is that the inhibitory effect of LPI is neutralized by albumin and/or other binding
proteins in ascites. The effects of albumin and gelsolin on LPA activity have been discussed in a
recent review by Goetzl [12]. We tested the effect of bovine serum albumin (BSA) on thymidine
incorporation induced by LPLs. We found that 0.1% BSA (approximately 15 uM) minimally
affected (<20%) LPA- and S1P-regulated [*H]thymidine incorporation in all 16 cell lines tested. In
contrast, BSA blocked 80-100%, 70-90%, and 50-80% of the effects of LPC, LPI and SPC,
respectively, regardless the effect was stimulatory or inhibitory (our unpublished results). LPI and
LPC are present at high concentrations in ascites, where tumor cells grow. However, the presence of
high concentrations of proteins, and albumin in particular, is likely to protect cells from the
damaging effect of these lipids.

Several issues related to LPI remain to be investigated: 1) the pathophysiological role of LPI;
2) whether the cellular effects of LPI are mediated through cell membrane receptor(s); 3) the source

and production of LPI; and 4) the main physical form (free or bound) of LPI in body fluids.

LPC

LPC is an important cellular component of oxidized low-density lipoprotein (ox-LDL). Its
potential role in atherosclerosis and other inflammatory diseases have been reviewed recently [101-
103]. The role of LPC in cancer is unclear. Elevated LPC has been detected in plasma from patients
with ovarian cancer and endometriosis [58,104]. Although our studies show that the LPC levels in
ascites from patients with ovarian cancer are significantly higher (p=0.0025) than levels from
patients with benign diseases (mainly liver cirrhosis), the levels of LPC in ascites from individuals of
either group are overlap significantly [54]. The mitogenic effect of LPC (measured by thymidine

incorporation) is highly dependent on the cell type tested, the concentration range of LPC used, and




the molecular species of LPC investigated. In light of the recent identification of lyso-PLD [75-77],
it will be highly interesting to determine whether converting LPC to LPA is one of the mechanisms’
involved in the cellular response to LPC for proliferation.

Many previous studies on LPC used concentrations of LPC ranging from 1 to 100 uM.
Although up to 1'?0 pM of LPC were detected in plasma of individuals (Table 1), the majority of
LPC is in a bound form. Unlike LPA and S1P, which are active in the albumin-bound form for
many of their biological effects and signaling capacities, the biological effects and signaling
properties of LPC, LPI, and SPC may be strongly influenced by their physical forms (free versus
bound) (see above). Due to the detergent nature of LPC, and a potential contaminant in some of the
commercial LPC preparations[98], the effects of LPC, when used at high concentrations (=10 M)
and tested in the absence of a carrier protein(s), need to be viewed with a caution. When tested in a
serum-free medium, LPC was mitogenic at low concentrations (< 1 uM), and inhibitory at higher
concentrations (3-10 M) in a number of ovarian cancer cells. Whether any of these effects is
mediated by recently identified LPC receptors remain to be tested [71,106,107]. Both of the
stimulatory and the inhibitory effects of LPC can largely be reversed by BSA (see above). These
observations are consistent with earlier reports about the neutralizing effect of serum proteins on
LPC [108]. Human ovarian cancer ascites contains high concentrations of proteins (30-100 mg/mi).
In particular, albumin concentrations are very high. Thus, the pathophysiological effect of LPC in

ovarian cancer and other diseases need to be assessed under conditions that mimic in vivo situations.

SPC

SPC is an important bioactive molecule [109]. It has been shown to be involved in many

cellular processes, such as proliferation or growth inhibition [90,110-114], smooth muscle




contraction and wound healing [115,116]. SPC stimulates wound healing ‘in mice[116] and induces
neurite outgrowth [117]. SPC activates a variety of signaling pathways, such as protein
phosphorylation [118], MAPK [119], PKC [119,120], and calcium release or flux [93,121-124]. It
also stimulates activator protein-1 (AP-1) binding [125] and induces intercellular adhesion molecule-
1 (I-CAM-1) [126] and IL-6 expression [127].

SPC (1-10 pM) is mitogenically inhibitory in most cancer cell lines tested and the inhibitory
effect appear to be more pronounced in ovarian cancer cells, when compared to breast and prostate
cancer cells (Table 2). However, it stimulates both DNA synthesis and/or cell proliferation in a
number of non-malignant cell types [1111,112,114,116,128,129], including the immortalized
HMEC-1 cells (our unpublished results; Table 2). We have identified G protein coupled receptors
for SPC and suggested the opposing effects of SPC on cell proliferation in different cell types may
be regulated by different SPC receptors [71,106, 107,130]. In HEY cells, we found that
overexpression of SPC receptors, OGR1 and GPR4, sentitized cellular response to low
concentrations of SPC and LPC (unpublished data). These concepts need to be further confirmed
by broad-spectrum studies in a variety of cellular systems. SPC may induce cell death through both
apog{esis and necrosis (our unpublished results). SPC, as well as LPI, can also induce strong
cellular morphological changes in many cell types (our unpublished observations).

The concentrations of SPC detected in blood and ascites (Table 1) are below 500 nM.
Theréfore, the pathological relevance of the effects of SPC (1-10 uM) need to be further addressed.
We have found that low concentrations of SPC and S1P (20-200 nM) synergize with LPA to
stimulate the secretion of the proangiogenic factor, interleukin-8, from ovarian cancer cells [85]. In

addition, increased levels of SPC have been found in patients with Niemann-Pick disease, resulting

from a deficiency of sphingomyelinase activity [125,131,132]. Abnormally high levels of SPC have




also been reported in the epidermis of patients with atopic dermatitis, resulting from the abnormal

expression of a sphingomyelin deacylase, which generates SPC from sphingomyelin [126,133].

FUTURE PERSPECTIVE

LPLs are actively involved in many cellular processes. Our understanding of the functions of
LPLs in these processes and LPL signaling mechanisms will be facilitated by studies related to LPL
receptors and their downstream signaling pathways. Unidentified receptors for these LPLs may
exist. Using pathophysiological relevant cellular/animal systems and concentrations of LPLs are of
paramount importance. Specific antagonists for each LPL receptor under development will be
powerful tools not only for basic research, but also for potential therapeutic usages. Development of
highly reliable and high-throughput analytic method(s) for LPLs is critically important for basic and
translational research. Identification of enzymes controlling abnormal LPL levels in diseases will be

an initial step towards the development of novel therapeutics for the treatment.
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ABBREVIATIONS

Akt

BSA

CFTR

EGF =

ERK =

GPCR =

LPA =

LPC =

LP1 =

LPS =

MAPK=

MEK

PI3K

PLD =

SiP =

SELDI=

SPC =

Protein Kinase B

bovine serum albumin

Cystic Fibrosis Transmembrane Regulator
Epidermal Growth Factor
Extracellular signal-Regulated Kinase
G Protein-Coupled Receptor
Lysophosphatidic Acid
Lysophosphatidylcholine
Lysophosphatidylinositol
Lysophosphatidylserine
Mitogen-Activated Protein Kinase
MAPK Kinase

Phosphatidylinositol 3-Kinase
Phoapholipase D
Sphingosine-1-Phosphate

Surface-enhanced laser desorption and ionization

Sphingosylphosphorylcholine




Table 1. Concentrations of LPLs in human body fluids

Plasma (n=68) Ascites (n=44)
Ovarian cancer  |Healthy control Ovarian cancer Chronic hepatitis
(n=39) (n=29) (n=29) (n=15)
Ether-linked|0.32 uM (0.01-  10.05 uM (0.02- 2.93 uM (0.10- 0.23 pM (0.04-
LPAs 5.29) 1.13) 7.38) 1.11)
K 3.01 uM (0.69- [0.41 uM (0.06- 23.34 uM (0.50- 2.39 uM (0.40-
ACFLPAs 1) 3) 0.83) 58.55) 6.70)
LPIs 1.61 pM (0.00-  [0.61 uM (0.06- 17.17 uM (0.46- 0.71 uM (0.00-
17.74) 1.37) 68.60) 2.61)
LPCs 44.85 uM (1.68- 142.45 pM (12.26- |35.03 uM (3.37- 28.81 uM (4.66-
127.62) 166.49) 69.13) 52.20)
S1p 107.8 nM (0.0-  |{58.3 nM (0.0- 51.4 nM (0.0- 11.1 nM (0.0-
1932.0) 129.0) 5898.6) 100.9)
8.4 nM (0.0- 15.0 nM (10.3-
SPC 457.7) 4.6 nM (0.0-73.0) [38.9 nM (3.8-191.1) 44.8)

The concentrations are presented as median (range) in uM or nM as indicated in each cell

Ether-linked LPAs include 16:0-,18:0-alkyl-LPAs and 16:0-, 18:0-alkenyl-LPAs

Acyl-LPAs include 16:0-, 18:0-, 18:1, 18:2, 20:4-, and 22:-6-LPAs

LPIs include 16:0-, 18:0-, and 20:4-LPIs

LPCs include 16:0-, 18:0-, 18:1-, 20:0-, 20:4-, and 22:6-LPCs




Table 2. The effect of LPLs on [*H]thymidine incorporation in cell lines

LPA S1P LPI SpPC LPC (%)

(%) (%) (%) (%) 14:0 | 16:0 18:0 18:1
Ovarian 120-600 | 100-250 | 12-80 | 5-110 |NE | 50-150 | 40-160 | 10-180
Breast 80-200 | 30-150 |5-200 |5-150 |NE |[20-120 | 40-150 | 40-300
Prostate 100-250 | 100-250 | 40-150 | 50-200 | NE | 10-150 | 80-160 | 30-240

Non- NE 100-150 | 10-80 | 10-300 | NE 20-80 | 40-160 | 80-140
Malignant
313 100-850 | 100-250 | ND 150-250 | NE 3-100 |3-80 78-150

The effects of LPLs are presented as % of [*H]thymidine incorporation of control cells (when cells
were treated with the solvent only).

Ovarian cancer cell lines: HEY, OCC1, ovca420, ovcad29, ovcad32, and SKOV3

Breast cancer cells: MCF7, MDA-MB-231, MDA-MB-435, MDA-MB-453, and T47D

Prostate cancer cell lines: PC-3, PC2-4, DU145, and LnCAP

Non-malignant cell lines: MCF10A and HMEC-1

NE: no effect

ND: not determined

LPCs and LPA (18:1-LPA) were from Avanti Polar Lipids (Birmingham, AL); LPI as obtained from
Sigma (St. Louis, MO). The [*H]thymidine incorporation was performed as described previously[86,
100]. Briefly, cells were 50-70% confluent before starvation from serum for 24h. Cells were treated

with lipids (0.1, 0.3, 1, 3, and 10 pM) for 24h, and 0.15 pCi of [*H]thymidine was added to each well

forthe last 16 h.
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I. Introduction

Lysophospholipids (LPLs) as signaling molecules, and in particular, extracellular
signaling molecules, have been recognized and studied in the past decade. Among LPLs, the biological
effects and signaling mechanisms of lysophosphatidic acid (LPA), sphingosine-1-phosphate (S1P), and
their receptors (LPA,.; and SyiPl.s) have been studied most extensively (1-4). The signaling mechanisms
of their corresponding choline derivatives, lysophosphatidylcholine (LPC) and
sphingosylphosphorylcholine (SPC), on the other hand, have been examined to a much lower extent,
although their extracellular existence and evidence of their signaling properties have long been
recognized.

Addition of a positively charged choline group to the negatively charged phosphate group
provides LPC and SPC with zwitterionic and detergent-like properties. In fact, LPC is cell lytic at
concentrations >30 uM when bovine serum albumin (BSA) is absent (5). Moreover, the specific
. receptors for LPC and SPC were not previously identified. Thus, controversy has arisen as to whether
LPC, and possibly SPC, act as specific signaling molecules or molecules modulating cellular functions
nonspecifically, and whether their actions are receptor-mediated. This situation has been changed recently
with the identification of three G protein-coupled receptors (GPCRs): OGR1, GPR4, and G2A, as
receptors for LPC and SPC (6-8). These discoveries provide an intriguing and novel opportunity to

studying the pathophysiological and functional roles of SPC, LPC, and their receptors.

IL. Physiological and pathological functions of LPC and SPC

The potential physiolagical and pathological functions of LPC and SPC have been recently
reviewed (9, 10). While LPA, S1P, LPC, and SPC may share similar, overlapping, or opposing effects in
some cellular systems, each of these lipids may also have its own unique functions. For example, all four
of these LPLs have been shown to play some role in wound healing and some inflammatory processes

(11-15). LPA and its receptors are involved in nervous system development and S1P has been implicated

in cardiovascular development (12, 16, 17). On the other hand, LPC and SPC are implicated more




specifically in diseases involving immunological and inflammatory processes, such as atherosclerosis and
systemic lupus erythematosus (18-21).

The metabolic pathways involved in synthesis and release of LPC and SPC are closely related to
those of LPA, and potentially SIP. A lysophospholipase-D (lysoPLD) activity, which directly converts
LPC to LPA, has been reported previously (22, 23). We have recently observed that when sterile, cell-free
ovarian cancer ascites samples, but not non-malignant éscites, were incubated at 37°C, LPA levels were
increased over time (Fig. 1A). The LPA production was completely abolished when EDTA or EGTA was
added to the ascites, indicating that the LPA production in ovarian cancer ascites was likely due to a
soluble enzymatic activity that requires bivalent metal ions and calcium. Interestingly, during the same
time course, LPC levels were decreased (Fig. 1B), suggesting a lysoPLD-like activity may be responsible
for LPA production in ovarian cancer ascites. Furthermore, SPC is a substrate for bacterial PLD
(unpublished observations), and thus, SPC may be converted to S1P in mammalian cells in vivo, although
such an endogenous activity has not been identified. These data support the notion that the physiological
roles of LPLs may be closely related and intertwined, and thus, may play a more complex role in vivo

than what is observed in vivo when a single LPL is tested.

HI. Identification of receptors for SPC and LPC

The identification of receptors for SPC and LPC first began with the cloning of OGR1 from the
HEY ovarian cancer cell line, using a PCR-based cloning strategy with primers based on the sequences of
receptors for platelet-activating factor (PAF) and thrombin (24). OGR1 shares approximately 30%
sequence homology with the PAF receptor, which indicated that the ligand for OGR1 may be also a lipid
molecule, and may also contain a choline group. Functional analyses were performed, which provided
evidence for OGR1 as the first high affinity receptor identified for SPC (6). Similar studies were
performed to determine fhat SPC and/or LPC were ligands for GPR4 and G2A (7, 8). OGR1, GPR4, and
G2A have no or very low affinity to LPA, S1P, PAF, lyso-PAF, lysophosphatidylinositol (LPI), PAF,

sphingomyelin, ceramide, psychosine, glucosyl-f1,1’-sphingosine (Glu-Sph), galactosyl-Bi,1’-ceramide




(Gal-Cer), and lactosyl-f1,1’-ceramide (Lac-Cer) (6-8). TDAGS, a fourth related receptor that is 36%
homologous to OGR1, has been recently identified as a receptor fora glycosphingolipid, psychosine
(galactosyl-B1,1’-sphingosine) (25). Due to the relative high homologies of these receptors, the potentials
exist for TDAGS to also be a LPC/SPC receptor and/or for OGR1, GPR4, and G2A to be receptors for
psychosine.

Although LPA/S1P and SPC/LPC subfamily receptors are GPCRs for structurally-related
lysolipids, the two receptor subfamilies share little sequence homology and may prefer different G protein
coupling in certain signaling pathways. Evidence supports that three major G protein families (G;, Gy and
Gian13) are coupled to these receptors. Compared to the majority of GPCRs, which employ G, as a
mediator for calcium mobilization, SPC- and LPC-induced calcium release from intercellular stores are
mediated through G; in MCF10A cells, although other cell lines remained fo be tested. Furthermore,
while ERK activation via GPCRs is mainly mediated through G;, SPC-induced PI3K and ERK activation
via OGR1 appear to be mediated by a PTX-insensitive G protein (6 and unpublished
observations). Nonetheless, these differences are not restricted to LPC/SPC receptors. G;-mediated
calcium release and Gy-mediated PI3K and ERK activation have been reported previously (26-29).

We note that the kd values for LPC/SPC ligand binding are about one to two orders of magnitude
higher than those for LPA/SIP receptors. Likewise, the serum and plasma concentrations of LPC are
usually one to two orders of magnitude higher than those of LPA. Thus, the kd values of their receptors
may reflect a physiological adaptation to their concentrations. At the normal physiological concentrations
of LPC (5-180 uM), if all of the LPC were in an active form, then its receptors would be saturated, down-
regulated, and/or desensitized. However, in vivo, the functionally available concentration of LPC may be
affected by such conditions as percentage of LPC bound to albumin or lipoprotein, and
coﬁlpartmentalization (i.e. tissue, cellular, and subcellular distribution) of LPC (30-32). The
concentrations of both S1P and SPC in physiological fluids are in the nM to sub-uM range. The lower
affinity of SPC for its receptors may suggest: 1) a physiological adaptation for a lower response to SPC;

2) the presence of a different, higher affinity receptor(s) for SPC, which cannot be ruled out; and 3) these




receptors (LPC/SPC subfamily receptors) may have different endogenous ligand(s). These issues remain

to be further investigated.

V. Perspectives

Until now, very limited information has been accumulated regarding the pathophysiological
functions of SPC, LPC, and their receptors. G2A-null mice develop a late-onset autoimmune disease
(33). Some of the effects of G2A may be compensated by other LPC receptors. Generation of OGR1- and
GPR4-null mice is in progress and will provide important information about the physiological functions
of these receptors. Comparative studies between LPA/SIP and LPC/SPC may generate interesting data to
advance our understanding of these lipids, since: 1) LPA and S1P are prototypes of bioactive extracellular
lipid signaling molecules; 2) LPC and SPC share similar, yet distinct signaling pathways as those induced
by LPA and S1P; 3) the metabolic pathways are linked between LPA/S1P and LPC/SPC; and 4) all of
these LPLs are present in serum and plasma. LPA, SPC, and LPC levels are elevated under pathological
conditions. It can be foreseen that the identification of their receptors will facilitate our understanding of

the roles these LPLs play in physiological and pathological processes.
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Fig.1. LPA production and LPC degradation in ascites samples. The ascites samples were incubated at
37°C for different durations as indicated, and then quantitatively analyzed for LPA and LPC content by

ESI-MS (34, 35). A: LPA production in ascites from patients with ovarian cancer (035, 036, and 037)




and non-malignant diseases (N30 and N35). B: LPC reduction and LPA production in ascites from a

patient with ovarian cancer.
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Production of Lysophosphatidic Acid (LPA) by Laminin — Integrin Interaction is the key for Laminin
induced Ovarian Cancer cell Migration

Saubhik Sengupta, Yi-Jin Xiao, and Yan Xu
Department of Cancer Biology, The Lerner Research Institute, The Cleveland
Clinic Foundation, 9500 Euclid Avenue, Cleveland, OH 44143

Ovarian cancer is a highly metastatic disease characterized by ascites formation and dissemination of
tumor cells crossing the mesenteric barriers into the peritoneal cavities. We have shown previously that levels of
lysophosphatidic acid (LPA) are elevated in plasma of patients with ovarian cancer, even at an early stage,
suggesting that LPA plays a role in the early ovarian cancer development and/or cell dissemination. In this study, we
demonstrate that laminin, and to a much less extent, collagen I, collagen IV, and vitronectin, stimulated migration of
ovarian cancer cells. LPA (0.1 to 30uM) further enhanced cell migration through laminin. To our surprise, cell
migration stimulated by both laminin and LPA was pertussis toxin (PTX)-sensitive, suggesting the involvement of a
Gi/o protein. We have hypothesized that the laminin-induced cell migration is mediated through LPA that actives
its receptors (LPA1-3) and a Gi protein. When lipids were analyzed using an electrospray ionization mass
spectrometry-based method, we found that laminin, but not vitronectin, collagen I & IV, triggered an outside-in
signaling process, which stimulate an i-PLA2 dependent production of LPA. An i-PLA2 specific inhibitor, HELSS,
blocked both LPA production and cell migration induced by laminin. Exogenously added LPA restored the migratory
ability of HEY cells. Moreover, neutralizing antibody against betal integrin blocked both LPA production and cell
migration induced by laminin. These results strongly suggest that laminin induced HEY cell migration is mainly
mediated by production of LPA. We therefore hypothesize the presence of an autocrine loop in the cells, where
LPA is formed because of Laminin integrin interaction and this LPA works back on LPA receptors to stimulate the

migratory function of cells. It is currently under investigation which of the particular LPA receptors is involved in
cell migration in ovarian cancer cells.
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OGR1 overexpression modulates cell-cell and
cell-matrix interactions and induce cell appoptosis

Guiying Hong and Yan Xu
Department Of Cancer Biology, Lerner Research Institute

We have previously identified OGR1 as a high affinity receptor of SPC (Nature Cell Biology. 2000; 2(5): 261-
7). However, the function of OGR1 is still unknown. In order to assess the pathophysiological role of OGR1,
we have overexpressed OGR1 in HEK 293 cells. When the OGR1 transfected cells were cultured overnight in
serum free medium, they formed multicellular aggregates, and loosely detached from the culture plates.
Annexin-V and caspase-3 activity assays demonstrated that these cells went through apoptosis. Control
HEK?293 cells did not show cell-cell aggregation after starvation. Cell migration decreased 2.5-fold in OGR1
transfected cells as compared to vector transfected cells. Cadherins play a crucial role in epithelial
morphogenesis and mediate intercellular adhesion. They are also involved in signal transduction pathways that
regulate cell growth and apoptosis, and are frequently down-regulated in invasive metastatic carcinomas. To
investigate the mechanism of OGR1 mediated cell morphology change and apoptosis, we compared the
E-cadherin expression in OGR1 transfected HEK 293 cells and their control cells. E-cadherin expression level
was increased approximately 6-fold in OGRI transfected cells, when compared with parental HEK293 cells.
Expression of E-cadherin was increased in a time and OGR1 expression level dependent manner, which is also
correlated to the extent of apoptosis. Co-immunoprecipitation experiments showed an association of E-cadherin
and OGRI. Furthermore, integrin1 was decreased in OGR1 transfected cells as compared with parental cells.
Overall, these observations suggest that the overexpression of OGR1 modulates both the cell-cell and cell-matrix
interactions, which might be associated with cell apoptosis.
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Analyses of LPA in peritoneal washings enhances of the sensitivity and specificity of
: ovarian cancer early detection

Yi-jin Xiao, Benjamin Schwartz, Donna Fife, April While, Alexander Kennedy, Jerome Belinson, and Yan Xu
Department of Cancer Biology and Department of Gynecology and Obstetrics, Cleveland Clinic Foundation, 9500
Euclid Ave. Cleveland OH, 44195

In previous studies, we have found that lysophosphatidic acid (LPA) are significantly elevated in the plasma from
patients with ovarian cancer, compared to that of healthy controls. Using the method developed in our lab, we have
detected ovarian cancer with specificity of 100% and sensitivity of 91%. However, when this method was used for
patients with benign gynecological diseases, approximately 14% false positive rate was detected. In order to
improve the specificity and sensitivity of the test, we have conducted quantitative analyses of lyso-PLs (a total of 34
molecular species) in several different human body fluids: plasma, serum, ascites, peritoneal washings, and urine
from patients with ovarian cancer, compared to the patients with benign or borderline tumors. A total of 37 patients
were analyzed, with 22 patients had benign gynecological conditions and 15 had ovarian cancer. The most
promising data obtained through the current study is that levels of ether-linked LPA (A-LPA) in peritoneal
washings were very good in discriminating benign diseases from ovarian cancer. If we set a cutoff at 0.04 uM, all 4
patients with early stage ovarian cancer (three Stage I and one Stage IT), one of which was misidentified by LPA
level in plasma, had elevated levels of A-LPA. All of the peritoneal washing samples from patients with benign

gynecological diseases, including the 4 patients who had relatively high plasma LPA levels, had low levels of A-
LPA.
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Carrelation between serum levels of tumor markers and clinical
states of ovarian cancer disease

Patients at the end of follow up
M?Wl Serum Level No. at active No. at Correlation
di % remission %
Rising or elevated 11 gl o []
CA125 Decreasing or normal 1 4. 18 100 7%
Rising or elevated 1 7 3 17 p
CEA | Decressingornormal | 10 83| 15 g3| 3%
Rising or elevated i Bl © [1]
HCG | Decreasingornormal | 11 92| 13 10| %
' Rising or elevated 2 7, 2 i
AFP. ing ornormal | 10 83, 16 8 60%
Rising or slevated I 921 15 M ;
SA | Decressing or fiormal | 1 8l 3 7] %
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Experience in ovarian cancer primary systemic chemotherapy
of cyclophosphamide, epirubicin and carboplatin with con-
comitant intraperitoneal carboplatin

P Nurzynski', G Weislo', J Korniluk!, W Z Pawlak’, K Weislo!,
A Staszewski’, K Brzozowski®, C Szczylik!

'Central Clinical Hospital, Military Medical Academy, Depart-
ment of Oncology, Warsaw, Poland; *Central Clinical Hospital,
Military Medical Academy, Department of Gynecology, Warsaw,
Poland; *Central Clinical Hospital, Military Medical Academy,
Department of Radiology, Warsaw, Poland

Contact e-mail:wojpaw @ cskwam.mil.pl

Ovarian cancer (OVC) is usually treated with debulking surgery
and than followed by systemic chemotherapy (SChTh). This
SChTh has given high percent of response, but is still the problem
achieving long disease-free survival. The aim of our study was the
estimation of efficacy of the OVC primary SChTh consisting of
carboplatin (CBDCA), cyclophosphamide (CTX), epirubicin (EPI}
with concomitant intraperitoneal carboplatin. 32 women with OVC
(FIGO II-1V), 70-90% Karnofsky’s score has been enrolled. Me-
dian age was 54,5 years (range, 38-77 years). They received a
modified regimen consisting of: CTX-600mg/m2 iv., EPI-
S0mg/m2 iv., CBDCA-400mg/m2 i.v. plus intraperitoneal CB-
DCA - 20-40% dose i.v. (50-400 mg). Median dose of CTX was
916mg, CBDCA-614mg, EPI-70mg, intraperitoneal CBDCA-
181mg. After the surgery all patients received 207 cycles of
SChTh (median 6,5 [range 3-9 cycles] per patient). All investi-
gated women have been assessed with typical imaging techniques,
hematological and biochemical parameters and levels of serum
marker - Ca-125. Toxicity was assessed using the WHO score
schedule, Moreover, laparoscopic assessment of peritoneal cavity
was done when 3 and 6 SChTh cycles were completed. In the
group of 32 patients 47% (15) CR, 44% (14) PR, 6% (2) SD and
3% (1) PD was observed. Overall response rate of 91% (29
females) was observed. Among patients with FIGO I status have
been achieved 5 CR and 1 PR, FIGOIII-9 CR, 11 PR, 2 8D, 1 PD:
FIGO IV-1 CR, 2 PR. Median duration of response was 22,7
months (range 1-60+ months). Median survival was 33, 86
months (range 0-65+ months). Among the total estimated number
of 133 SChTh cycles we have noticed 40 casese (33%) haemato-
logic toxicities (3rd and 4th WHO degree). Forty cycles have
required G-CSF or GM-CSF support. In 2 cases SChTh was
stopped of severe haematologic toxicities. These results indicate an
important role of SChTh combined with intraperitoneal chth in
patients with OVC after debuiking surgery.
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Akt activation induced by lysophosphatidic acid and sphin-
gosine-1-phosphate requires both MEK and p38 MAP kinase
and is cell-line specific '

Y Xu, L M Baudhuin, K L Cristina

Cleveland Clinic Foundation, Cancer Biology, OHIO, United
States

Contact e-mail:xuy@ccforg

Akt is an anti-apoptotic protooncogene whose levels are ele-
vated in several types of cancer. Here, we report that two bioactive
lysolipids, lysophosphatidic acid (LPA) and sphingosine-1-phos-
phate (SIP) activate Akt and promote its phosphorylation at $473
and T308. This phosphorylation is dependent on both phosphati-
dylinositol 3-kinase (PI3-K) and the pertussis toxin (PTX)-sensi-
tive Gi protein. We show, with the use of both pharmacological
and genetic inhibitors, that the kinase activity and S473 phosphor-
ylation of Akt requires both mitogen-activated protein kinase
kinase (MEK) and p38 MAP kinase, and MEK is likely to be
upstream of p38 in this pathway, in HEY ovarian cancer cells. The
requirement for both MEK and p38 is cell type- and stimulus-
specific. Among twelve cell lines that we tested, eleven of them
respond to LPA and $1P and all of the responsive cell lines require
P38, but only nine of them require MEK for LPA/S1P-induced Akt
phosphorylation. Among different stimuli tested, platelet-derived
growth factor (PDGF) stimulates S473 phosphorylation of Akt in
a MEK- and p38-dependent manner. However, epidermal growth
factor (EGF), thrombin, and endothelin-1 (Et-1)-stimulated Akt
$473 phosphorylation require p38, but not MEK. Insulin, on the
other hand, stimulates Akt S473 phosphorylation independent of
both MEK and p38 in HEY cells. T308 phosphorylation stimulated
by LPA/SIP requires MEK, but not p38 activation. MEK and p38
activation were sufficient for Akt S473, but not T308, phosphor-
ylation in HEY cells. In contrast to S1P and PDGF, LPA requires
Rho for Akt 8473 phosphorylation, and Rho is upstream of PI3-K.
LPA/S1P-induced Akt activation may be involved in cell survival,
since LPA and S1P treatment in HEY ovarian cancer cells results
in a decrease in paclitaxel-induced caspase-3 activity in a PI3-K/
MEK/p38-dependent manner.

P 807

Review of 63 ovarian cancer cases in Lagos, Nigeria
E R Ola, O Bello, O O Abudu

lagos university teaching hospital, obgyn, lagos, Nigeria
Contact e-mail:rotimiola@hotmail com

Background: Incidence of pvarian cancer is not only increasing
but survival remains poor and in our environment sufficient data is
lacking. Objectives: This study aims to determine the frequency of
occurrence of ovarian cancer in LUTH,the clinicopatholoogical
pattern of the disease, treatment modalities and outcome after a six
months follow-up period. Materials and methods:Cases of ovarian
cancer managed at the oncology unit LUTH between January 1988
and December 1998 were reviewed. Clinical data including der-
mographic,clinical presentation and management modalities were
collated and analysed.Results where appropriate were subjected to
chi-square analysis. Results: 63 cases of ovarian cancer were
reviewed giving a yearly incidence of 5.7 per year. 45.5% of the
patients were over 50 years,andhile 36.3% were in less than 40
years ,51.5% were Para 5+ and 27.3%Para O . Clinical presenta-
tions were abdominal swelling 84.8%,abdominal pain 60.6% and
significant weight loss in 39.4% 64.5% of the cases were in
advanced stage and 25.8% Stage 1. Serous cystadenocarcinoma
seen in54.5%and endodermal sinus tumour 18.2%.48.4% had
complete surgery, oophorectomy 36.4%Inoperable cases staging
and biopsy only 15.2%. All the patients had post-operative che-
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#1011 Sphingosine-1-phosphate-mediated activation of Akt through
Edg-3 and Edg-5, but not Edg-1 or Edg-8, requires activation of platelet-
derived growth factor receptor. Yan Xu and Linnea Baudhuin. Cleveland Clinic
Foundation, Cleveland, OH.

Sphingosine-1-phosphate is present in the serum and ascites of patients with
ovarian cancer. It is thought to play an important role in invasion, metastasis, and
overall survival of many types of cancer. We investigated a signaling pathway
leading to the activation of the anti-apoptotic oncogene. Akt, in a panel of cancer
cell lines treated with sphingosine-1-phosphate (S1P). S1P treatment transiently
activated Akt, and its activation was suppressed by pretreatment with inhibitors
of the platelet-derived growth factor receptor (PDGFR), suggesting that activation
of PDGFR tyrosine kinase was involved in the signaling pathway. This crosstalk
between PDGFR and S1P was specific to S1P, and did not occur when celis were
treated with lysophosphatidic acid (LPA). Furthermore, S1P did not require the
epidermal growth factor receptor or the insulin-like growth factor receptor for

‘activation of Akt. S1P also was dependent on PDGFR for phosphorylation of ERK,

whose upstream activator, MEK, is required for Akt activation by S1P and PDGF
in certain cellular systems. We show that S1P can induce tyrosine phosphoryla-
tion of PDGFR. Both S1P and PDGF required Src for Akt activation, and Src was
downstream of PI3-K and upstream of ERK. When CHO cells were overexpressed
with Edg1, 3, 5, and 8, S1P required PDGFR for Akt activation in CHO-Edg-3 and
-Edg-5 cells, but not CHO-Edg-1 or Edg-8 cells, indicating that PDGFR-depen-
dent S1P-induced Akt activation was mediated through Edg-3 and Edg-5. Due to




#9255 The role of ether-linked lysophosphatidic acids in ovarian cancer.
cells. Yan Xu, Jun Lu, Yi-Jin Xiao, Linnea Baudhuin, and Guiying Hong. Cleveland
Clinic Foundation, Cleveland, OH.

Naturally occurring alkyl- and alkenyl-lysophosphatidic acids (al-LPAs) are
detected and elevated in ovarian cancer ascites, compared with ascites from
non-malignant diseases. Here we describe the biclogical functions and signaling
properties of these ether-linked LPAs in ovarian cancer cells. They are elevated

and stable in ovarian cancer ascites, which represents an in vivo environment for
ovarian cancer cells. ‘They stimulated DNA synthesis and proliferation of ovarian
cancer cells. In addition, they induced cell migration and the secretion of a

ro-angiogenic factor_, interleukin-8 (IiL-8), in ovarian cancer cells. The latter two
p:‘GC&SS&S are potentxaﬁy _refated to tumor metastasis and angiogenesis, respec-
tively. AI‘-LPA§ !nduced diverse signaling pathways in ovarian cancer cells. Their
mitogenic a_ctmty depended on the activation of the Gi/o protein, phosphatidyi-
inositol-3 kinase (PI3K), and mitogen-activated protein (MAP) kinase kinase
(MEK}s but npt 938 MAP kinase. The S473 phosphorylation of Akt by these lipids
required activation of the Gi/o protein, PI3K, MEK, p38 MAP kinase, and Rho. On
the other i}and, cell migration induced by al-LPAs depended on activities of the
Gi/o protein, PI3K, ‘and Rho, but not MEK. These data suggest that ether-linked
LPAs may play an important role in ovarian cancer development.
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7 ABSTRACT

Methods for detecting or diagnosing gynecological carcino-
mas in a patient are provided. One method The method,
which involves assaying for the presence of lysophospha-
tidic acid in a plasma sample of the patient, is useful for
detecting ovarian carcinoma, cervical carcinoma, endome-
trial carcinoma, and peritoneal carcinoma. In a preferred
embodiment the method comprises: providing a blood speci-
men from the patient, obtaining a plasma sample for the
blood specimen under conditions which minimize the
release of lysophosphatidic acid from the platelets in the
blood specimen into the plasma, extracting lipids from the
plasma, and detecting the presence of lysophosphatidic acid
in the lipid. Aoother method involves assaying for the
presence of lysophosphatidyl inositol in a bodily fluid,
preferably plasma, from the subject.

5 Claims, 2 Drawing Sheets

L

------

=
E

Relatlve Intensity (%)

.............

a
410 s 525
2 ,& ; 484 572 : 820 s g2

400 420 440 460 480 500 520 G40 GO0 580 600 B0 640 660 80 70D

wiz




US 6,451,609 B1
Page 2

OTHER PUBLICATIONS

“Decanoy! lysophosphatidic acid induces platelet aggrega-
tion through an extracellular action” by Watson, et al,,
Biochem. J., (1985) 232, pp. 61-66.

“LPA: a novel lipid mediator with diverse biological
actions” by Moolenaar, Trends in Cell Biology, vol. 4, P-
213-218, Jun. 1994.

“Increased phosphatidic acid and decreased lysophospha-
tidic acid in response to thrombin is associated with inhi-
bition of platelet aggregation” by Gerrard, et al., Biochem.
Cell Biol, vol. 71, pp. 432439, 1993,

“Lysophosphatidic Acid as a Potential Biomarker for Ova-
rian Cancer and Other Gynecological Cancers” by Xu, et al,,
The Journal of the American Medical Association, vol. 280,
No. 8, pp. 719-723, Aug. 26, 1998,

“Peptide and Lipid Growth Factors Decrease cis—Diam-
minedichloroplatinum—induced Cell Death in Human Ova-
rian Cancer Cells” by Frankel, et al,, Clinical Cancer
Research, vol. 2, pp. 1307-1313, Aug. 1996.

“Role of Growth Factors: Their Receptors and Signalling
Pathways in the Diagnosis, Prognosis, Follow-Up and
Therapy of Ovarian Cancer” by Mills, et al., Diagn Oncol,
1992;2:39-54.

“Phorbol 12-Myristate 13—Acetate Simulates Lysophospha-
tidic Acid Secretion from Ovarian and Cervical Cance Cells
but Not from Breast or Leukemia Cells” by Shen, et al.,
Gynecologic Oncology, 71, 364-368 (1998).

“Elevated Levels and Altered Fatty Acid Composition of
Plasma Lysophosphatidylcholine(LYSOPC) in Ovarian
Cancer Patients” by Okita, et al,, Int. J. Cancer, 71, 31-34
{1997).

“Activation of human ovarian cancer cells: role of lipid
factors in ascitic fluid” by Xu, et al, Chapman & Hall
Medical, London, Glasgow, Weinheim, New York, Tokyo,
Melbourne, Madras, pp. 121-135 (1994).

“Malignant effusions contain lysophosphatidic acid (LPA-
YHlike activity” by Westermann, et al., Annals of Oncology,
9, pp. 437-442 (1998).

“Soluble Interleukin-2 Receptor Alpha is Elevated in Sera
of Patients with Benign Ovarian Neoplasms and Epithelial
Ovarian Cancer” by Hurteau, et al, Cancer, vol. 76, No. 9,
pp. 1615-1620, Nov. 1, 1995.

“A Putative New Growth Factor in Ascitic Fluid from
Ovarian Cancer Patients: Identification, Characterization,
and Mechanisms of Action” by Mills, et al, Cancer
Research, 48, 10661071, Mar. 1, 1988.

“Ascitic Fluid from Human Ovarian Cancer Patients Con-
tains Growth Factors Necessary for Intraperitoneal Growth
of Human Ovarian Adenocarcinoma Cells” by Mills, et al.,
J. Clin. Invest,, vol. 86, pp. 851855, Sep., 1990.

“Levels of soluble interleukin-2 receptor—a are elevated in
serum and ascitic fluid from epithelial ovarian cancer
patient” by Hurteau, et al., Am J Osbster Gynecol, vol. 170,
No. 3, pp. 918-928, Mar. 1994,

“Lysophosphatidylcholine Stimulates Activator Protein 1
and the c-Jun N-terminal Kinase Activity” by Fang, et al.,
The Journal of Biological Chemistry, vol. 272, No. 21, pp.
13683-13689, May 23, 1997,

“Induction of In Vitro Tumor Cell Invasion of Cellular
Monoplayers by Lysophosphatidic Acid or Phospholipase
D” by Imamura, Biochemical and Biophysical Research-
Communications, vol. 193, No. 2, pp. 497-503, Jun. 15;
1993.

“Analysis of the Proliferative Response to Lysophosphatidic
Acid in Primary Cultures of mammary Epithelium: Differ-
ences between Normal and Tumor Cells” by Imagawa, et al,,
Experimental Cell Research, 216, 178186 (1995).

“The bioactive phospholipid acid is released from activated
platelets” by Eichholtz, et al., Biochem J., 291, (1993), pp.
677-680.

“Lysophosphatidic acid: G-protein signalling and cellular
responses” by Moolenaar, et al., Cell Regulation, pp.
168-173.

Abstract #710, “Lysophosphatidic acd, a diagnostic biom-
arker for ovarian and other gynecological cancers” by Xu, et
al., Proceedings of the American Association for Cancer
Research, vol. 38, Mar. 1997, p. 106.

“Abnormality in plasma lysophosphatidic acid of ovarian
cancer patients” by Okita, et al,, Bulletin of the department
of health and welfare, Okayama Prefectural University, vol.
1-1, 1994, pp. 29-35.

* cited by examiner




‘ U.S. Patent Sep. 17, 2002 Sheet 1 of 2 US 6,451,609 B1

=
o
~
o i}
P
©
o
7o
0
=
'55 o
5
0
o o
o gi ]
H:] ©
=13 =
oy e (=]
o o
a
o
D
o n
P
Y
o
7]
s
'_e N
: o
o0
o )
B
o &
&N
1%
o
=1
B
=
o ©
oo [
~ N 2
o
™ j-»] &
r-)
g ~
o g
] § ~
= ~
o
g
8 o
o
T e | —-*1-;;;;%
8 8
—  {%) Lsuaguy sanTpRy (%) sysunoy sanepEy

< =




=
N
)
= IdTHYdT Id] vd
N _ _ | _ * |
] sjuaned sjonuod s8Iy s|onuoes) sjuB|ed 8|0 .
= _ o1 00°0
. °
PN Ll & oo
* i 4 o0
. " e - 00'2
- [
S 3 TS 4 | .
< ! i +® 00’ p-
8 “ 1 ,.m-
- v " . 00y 2
* ' 1 ~—
o : 1 g - 00'G &
= L )
g "__ L =
5 . _ ! - 00°9
g ! I
* PR u ! L 00°2
1
} I
- b I - 00°'8
g * | ! |
& . 00°6
S“ Z 814
=




US 6,451,609 B1

1

METHOD OF DETECTING
GYNECOLOGICAL CARCINOMAS

CROSS REFERENCE TO RELATED
APPLICATIONS
This application is a continuation-in-part of U.S. appli-
cation Ser. No. 09/139,841 filed on Aug. 25, 1998, now U.S.
Pat. No. 5,994,141, which is a continuation of the U.S.
application Ser. No. 08/655,551, filed on May 30, 1996, now
U.S. Pat. No. 5,824,555.

BACKGROUND OF THE INVENTION

Gynecological carcinomas such as ovarian carcinoma,
cervical carcinoma, endometrial carcinoma and peritoneal
carcinoma are among the most frequent causes of cancer
death among women in the United States and Europe. It is
estimated that ovarian carcinoma alone will be responsible
for 14,800 deaths in 1996 in the United States. This dismal
outcome is due, at least in part, to an inability to detect the
ovarian carcinoma at an early stage of tumor development.
‘When ovarian carcinoma is diagnosed at an early stage, the
cure rate approaches 90%. In contrast, the 5 year outlook for
women with advanced disease remains poor with no more
than a 15% survival rate. Thus, early diagnosis is one of the
most effective means of improving the prognosis for ovarian
carcinoma.

Transvaginal sonography is the most sensitive of the
currently available techniques used for detecting ovarian
tumors. However, transvaginal sonography is non-specific,
ie. it will detect benign as well as malignant tumors.
Accordingly, detection of an ovarian tumor by transvaginal
sonography must be followed by a second diagnostic pro-
cedure which is able to distinguish benign tumors from
malignant tumors. Moreover, transvaginal sonography is
very expensive and, therefore, not useful as a screening
procedure for large numbers of patients.

Typically, benign ovarian tumors are distinguished from
malignant ovarian tumors by surgical procedures such as
biopsy of the mass or aspiration of the mass and cytological
examination of the cells that are surgically removed from the
patient. However, these techniques are highly invasive,
expensive, and in the case of aspiration can lead to release
of cancerous cells into the peritoneum.

The antigenic determinant CA 125, which is a high
meolecular weight mucin-like glycoprotein, is the current
serum biomarker of choice for screening for ovarian carci-
nomas. However, CA 125 testing suffers from two main
limitations. First of all, it is not very sensitive. For example,
elevated serum CA 125 levels, i.e. levels above the cut-off
point of 35 U/ml, are present in fewer than 50% of the
patients with Stage I ovarian carcinoma. Taylor, K. J. W. and
Schwartz, P. E., “Screening for Early Ovarian Cancer,”
Radiology, 192:1-10, 1994. In addition, CA 125 testing is
not very specific. For example, approximately 25% of
patients. with benign gynecological diseases also have
elevated serum levels of CA 125. Moreover, liver disease
such as cirrhosis, even without ascites, elevates serum CA
125 levels above 35 U/ml. Taylor, K. J. W. and Schwartz, P.
E., “Screening for Early Ovarian Cancer,” Radiology,
192:1-10, 1994.

Accordingly, it would be desirable to have a new, simple,
noninvasive or marginally invasive methods for detecting
gynecological carcinomas, particularly ovarian carcinomas.
Methods which are sufficiently sensitive to identify those
subjects with early stage ovarian carcinoma, and sufficiently
specific to distinguish between benign and malignant gyne-
cological carcinomas are especially desirable.
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2
SUMMARY OF THE INVENTION

The present invention provides new, simple, marginally-
invasive methods for detecting the presence of gynecologi-
cal carcinomas, particularly ovarian carcinomas, in 2 sub-
ject.

One method comprises assaying for the presence of
lysophosphatidic acid in a plasma sample. The presence of
lysophosphatidic acid in the plasma sample indicates that a
gynecological carcinoma is present in the subject. In a
preferred embodiment, the method comprises preparing a
plasma sample which is substantially free of platelets from
a blood specimen from the subject, preparing a lipid extract
from said plasma sample, and assaying for the presence of
lysophosphatidic acid in said lipid extract. Because the
method is sufficiently sensitive to detect ovarian carcinoma
in subjects with carly stage ovarian carcinoma, sufficiently
specific to distinguish benign gynecological carcinomas
from malignant gynecological carcinomas, and marginally
invasive, the method is especially useful for screening
patients for ovarian carcinomas. The method also detects the
presence of endometrial carcinoma, peritoneal carcinoma,
and cervical carcinoma in a subject. Accordingly, the
method is useful for screening for more than one gyneco-
logical carcinoma.

Another method comprises assaying for the presence of
lysophophatidy! inositol in a bodily fluid, preferably a blood
sample from the subject. Preferably, the concentration of the
lysophosphatidyl inositol in the bodily fluid is determined.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1A show the representative mass spectra of lyso-
phospholipids from patients with ovarian cancer (FIG. 1A)
and from healthy control subjects (FIG. 1B).

FIG. 2 is a scatter plot showing total plasma LPA, LPI and
LPA+LPI levels from healthy control subjects and from
patients with ovarian and endometrial carcinoma.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention provides new, simple methods for
detecting or diagnosing gynecological carcinomas, particu-
larly ovarian carcinomas, in a subject or patient. One method
comprises assaying for the presence of lysophosphatidic
acid in a blood plasma sample from the patient. Preferably,
the blood plasma sample is substantially free of platelets. As
described herein, a plasma sample is substantially free of
platelets when it contains less than 95% of the platelets
present in the original blood specimen obtained from the
patient. In a preferred embodiment, the method comprises
providing a whole blood specimen from the patient, obtain-
ing a plasma sample which is substantially free of platelets
from the whole blood specimen, extracting lipids from the
blood plasma sample, and assaying for the presence of
Iysophosphatidic acid in the lipid exiract.

Preferably, the blood plasma sample is obtained under
conditions which minimize the release of lysophosphatidic
acid from platelets which are present in the whole blood
specimen. Such conditions include, for example, collecting
the whole blood specimen from the subject in tubes that
contain an anti-coagulant. Suitable anti-coagulants include,
for example, heparin and chelating agents. It is preferred that
the whole blood specimen be collected in the presence of 2
chelating agent, such as for example ethylencdiaminetet-
raacetic acid (EDTA) or sodium citrate, more preferably
EDTA, since chelating agents both reduce phospholipase
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activity in the sample and prevent clotting of the whole
blood specimen.

The blood plasma typically is obtained by centrifuging the
whole blood specimen to pellet the blood cells in the whole
blood specimen and collecting the supernatant, which rep-
resents the major portion of the blood plasma in the whole
blood specimen.

Substantially all of the lipids, particularly the
phospholipids, in the plasma sample are then extracted,
preferably by a lipid extraction procedure which recovers at
least 80% of the lysophosphatidic acid from the plasma
sample. More preferably, the lipid extraction procedure
recovers at least 85% of the LPA in the plasma sample. An
example of a preferred lipid extraction procedure comprises
the steps of: acidifying the blood plasma sample; mixing the
acidified blood plasma sample with an organic solvent to
provide an aqueous phase and an organic phase, wherein the
phospholipids preferentially distribute to the organic phase;
and recovering the organic phase to provide a lipid extract
which contains greater than 80% of the lysophosphatidic

acid in the plasma sample. Preferably, hydrochloric acid is 2

used to acidify the blood plasma sample. Preferably the final
concentration of acid in the acidified plasma sample is from
about 0.2 N to about 2.0 N.

Suitable organic solvents for extracting lysophosphatidic
acid from the acidified plasma sample include for example
butanol, isopropanol, and mixed organic solvents which
comprise a polar organic solvent, such as for example
methanol, and a non-polar organic solvent, such as for
example chloroform. Preferably the organic solvent is a
mixture of methanol and chloroform at a 2:1 ratio.

The lysophosphatidic acid, also referred to herein as
“LPA,” is then separated from the other phospholipids in the
organic phase using conventional techniques. One such
technique involves separation by thin-layer chromatography
to provide an LPA band.

The amount of lysophosphatidic acid in the LPA band is
then quantified using conventional techniques. The quanti-
fication technique used depends upon the amount of blood
specimen provided by the subject. For example, if the size
of the blood specimen is 2 ml or less, it is preferred that a
quantification technigue which is capable of detecting pico-
mole amounts of LPA be used. Suitable techniques for
detecting picomole amounts of LPA include, for example,
hydrolyzing the isolated LPA fraction and then quantifying
the amount of each fatty acid in the hydrolysate by gas
chromatography. If the size of the blood specimen is 20 ml
or greater, a technique which is capable of detecting nano-
mole amounts of LPA, such as for example total phospho-
rous determination in the LPA fraction, is suitable,

Another method comprises assaying for the presence of
lysophosphatidyl inositol (LPI) in a bodily fluid from the
subject. Preferably, the bodily fluid is blood, more preferably
plasma. One method of assaying for the presence of LPI in
the bodily fluid involves extraction of lipids from the
sample, separation of the lipids by thin-layer chromatogra-
phy and direct analysis with electrospray ionization mass
spectromeiry (ESI-MS). This method has the following
advantages: i) soft ionization detects intact molecular spe-
cies and therefore the true identities of lipid molecules; ii)
structures of interesting ion peaks can be determined
through tandem,-MS (MS/MS) or liquid chromatography/
tandem mass spectrometry (LC/MS/MS) analysis; iii) it
simultaneously detects many molecular species, including
lipids with different fatty acid chains; iv) it is highly sensi-
tive (typically in the femtomole to low picomole range) and
v) the assay can be easily adapted to an autosampler.

30

40

45

50

60

65

4

Preferably, the method further comprises determining the
levels or concentration of LPI in said bodily fluid. In
accordance with the present invention, it has been deter-
mined that females with ovarian carcinoma have higher
levels or concentrations of LPI in their plasma than healthy
subjects, Preferably, the level or concentration of LPI in the
bodily fluid is then compared to a standard value. The
standard value is based upon the levels of LPI found in
comparable samples obtained from a population of healthy
subjects.

Standard values of LPI in a bodily fluid are for example,
mean levels, median levels, or preferably “cut-off” levels.
Cut-off values are established by assaying a large sample of
healthy individuals and using a statistical model such as the
predictive value method for selecting a positivity criterion or
receiver operator characteristic curve that defines optimum
specificity (highest true negative rate) and sensitivity
(highest true positive rate) as described in Knapp, R. G., and
Miller, M. C. (1992). Clinical Epidemiology and Biostatis-
tics. William and Wilkins, Harual Publishing Co. Malvern,
Pa., which is specifically incorporated herein by reference.
Preferably, the levels of both LPA and LP1 in the bodily fuid
are determined. In accordance with the present invention, it
has been determined that a combined test value which is
based on the concentration of both LPA and LPI in plasma
from the subject is a better indicator of ovarian carcinoma
than a test value which is based on the concentration of LPA
or LPI alone. The combined test value is compared to 2
combined standard value which is based on the concentra-
tions of LPA and LPI found in plasma from healthy subjects.

The methods disclosed herein are useful for detecting
gynecological carcinomas such as cervical carcinoma,
endometrial carcinoma, peritoneal carcinoma, and ovarian
carcinoma, that is, epithelial ovarian cancer. Epithelial ova-
rian cancer includes serous tumors, mucinous fumors,
endometroid tumors, clear cell tumors, undifferentiated
carcinoma, mixed epithelial tumors, and unclassified epithe-
lial tumors.

The methods disclosed herein are especially useful for
assessing the malignancy of an ovarian mass in a patient and
for detecting ovarian carcinomas at the early surgical stage
of development in a patient, that is Surgical Stage I and
Surgical Stage II, as well as at the later stages of
development, that is Surgical Stage HI and Surgical Stage
IV. Surgical stage represents the severity of disease with
Stage 1 being least severe and Stage 1V being the most
severe. According to criteria established by the International
Federation of Gynecology and Obstetrics, the ovarian car-
cinoma is limited to the ovaries and may or may not include
ascites in Stage I ovarian carcinoma. In Stage H, there is
pelvic extension of the carcinoma and possibly extension to
the uterus or fallopian tubes. Stage I1I ovarian carcinoma is
characterized by sbdominal metastases. In Stage IV, there is
distant metastases of the carcinoma outside of the peritoneal
cavity.

The methods disclosed herein are simple, marginally
invasive, and require only a blood specimen from the
subject. Thus, such methods are also useful for screening
patients who have not been previously diagnosed as carrying
carcinoma, particularly patients who are at risk for gyneco-
logical carcinomas, especially ovarian carcinoma. Such
patients include women at elevated risk by virtue of a family
history of the discase, premenopausal women with anovu-
latory cycles, and postmenopausal women.

The present invention is further described by the
examples which follow. Such examples, however, are not to
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be construed as limiting in any way either the spirit or the
scope of the present invention.

EXAMPLE 1

Plasma samples were obtained from blood specimens
provided by eighty-four female subjects. A whole blood
specimen of approximately 2 ml was collected from each of
the subjects in a 5 ml vacutainer tube containing 7.2 mg of
EDTA.

Obtaining a Plasma Sample from the Whole Blood Speci-
men

The whole blood specimen was centrifuged at 580xg for
5 minutes to provide a pellet of the blood cells and platelets
and a supernatant. The supernatant was transferred to a
siliconized microcentrifuge tube and centrifuged for 5 min-
utes at 8000xg to provide a second pellet and a plasma
supernatant. The plasma supernatant was either processed
immediately or stored at =70° C.

Extracting LPA from a Plasma Sample

Extraction of lipids, particularly LPA from the plasma
sample was performed at 0—4° C. Each 1 mL sample of
plasma was acidified by adding 0.2 mL of 12 N HCI to
provide a plasma sample with a final concentration of HCl
of approximately 2.0 N. After mixing, 4 ML of mixed
organic solvent comprising a 2:1 ratio of methanol/
chloroform was added to the acidified plasma and the
mixiure was vortexed for 1 minute and incubated on ice for
10 minutes. 1 mL of chloroform and 1.25 mL of H,0 were
added to the mixture. After mixing thoroughly, the mixture
was centrifuged at 1000xg for 10 minutes at 4° C. The lower
organic layer was transferred to a new glass tube and dried
at 40° C, under nitrogen to provide a phospholipid extract.

The total recovery rate and reproducibility of this extrac-
tion procedure was examined by adding 10 nmol of syn-
thetic oleoyl-LPA to three parallel plasma samples lacking
endogenous oleoyl-LPA. The samples were extracted by the
present procedure and the amount of oleoyl-LPA in cach
sample quantified. This analysis indicated that the average
recovery of LPA by the present extraction procedure was
92.7% with a standard error of +5.6%.

Isolating the LPA in the Lipid Extract

Each lipid extract was dissolved in S50 ul of a 2:1
methanol/chloroform mixture and loaded onto a single lane
of a precoated silica-gel 60 TLC plate (20x20 cm, layer
thickness 250 mm) obtained from EM Science, Darmstadt,
Germany. A 50 gl aliquot of a 2:1 methanol/chloroform
mixture containing 10 to 50 ug of oleoyl-LPA obtained from
Avanti Polar-Lipids, Inc. was loaded onto one outside lane
of the plate and a 50 i aliquot of chloroform containing 10
to 50 ug of lysophosphatidylcholine obtained from Sigma
Chemical Company was loaded onto the opposite outside
lane of the plate. The oleoyl-LPA and lysophosphatidylcho-
line were used as migration references for locating the LPA
fractions on the plate. The lipids were developed at room
temperature for approximately 3 hours with a mixture of
chloroform-methanol-ammonium hydroxide (65:35:5.5).
Then the outside lanes containing the oleoyl LPA and
lysophosphatidylcholine standards were sprayed with 0.1%
8-anilino-1-naphthalene-sulfonic acid and visualized under
ultraviolet light.

Each of the isolated LPA fractions in the lanes loaded with
lipid extracts from the plasma samples were scraped from
the plates into separate 15 mL disposable glass centrifuge
tubes from Kimble, Vineland, N.J. The LPA fractions
included all of the lipids that migrated to a distance on the
plate which corresponded to the Rf of the oleolyl-LPA
standard and extended to but was less than the Rf of the
lysophosphatidylcholine standard.
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Measuring the Amount of LPA Isolated from Each Sample

2 mL of 1M ethanolic KOH were added to each tube
containing the isolated LPA fractions. The tubes were then
incubated at 60° C. for 1 hour to hydrolyze the LPA present
in the tube. After cooling, 5 4l of internal standard solution
contains methyl behenate, 1.5 mg/mL in chloroform, 1 mL
of 6N HCL. 5 mL of H,0 and 5 mL of ethyl ether were added
to the hydrolysate. The mixture was vortexed for 30 seconds
and centrifuged at 1000xg for 10 minutes. Then, the upper
layer was transferred into a new glass tube and dried at 40°
C. under nitrogen. The residue, which contained fatty acids
released from the LPA, was dissolved in 0.6 mL of petro-
leum ether and the dissolved, fatty acids were transmethy-
lated by adding 1 mL of BCl;-methanol reagent to each tube
and incubating at 100° C. for 10 minutes. BCl, methanol
was obtzined from Supelco Inc., Bellefonte, Pa. The fatty
acid methyl esters were extracted with 1 ml of petroleum
ether. The mixture was vortexed for 10 seconds and centri-
fuged at 1000xg for 5 minutes. The top layer was transferred
to a 3.7 mL screw-topped Supelco sample vial and dried at
40° C. under nitrogen. The residue was then dissolved in 25
il of chloroform and 5-15 ul of the chloroform solution was
used for analysis by gas chromatography.

GC Analysis of the Fatty Acids Released from LPA by
Hydrolysis

A Hewlett-Packard Model 5710A gas chromatograph,
equipped with a fused silica column (25 mx0.2 mm) coated
with 3% SP-2310, 2% SP-2300 on 100/120 Chromosorb
WAW from Supelco Inc., was used to measure the amount
of each fatty acid in each of the samples. The gas chromato-
graph conditions were as follows: the oven starting tem-
perature was 185° C.; after 2 minutes, the temperature was
increased at 2° C./minutes to 230° C., and held for 4
minutes; the injector temperature was 200° C.,; the detector
temperature was 300° C; nitrogen was the carrier gas at a
flow rate of 30 ml/minutes at 50 PSI; airflow rate was 240
mu/minutes at 24 PSL; hydrogen flow was 30 ml/min at 15
Psi. A flame ionization detector was used to detect the fatty
acid methyl esters. Two standard curves were obtained using
two fatty acid methyl esters standard mixtures obtained from
Nu Check Prep. Inc., Elysian, Minn. The two standard
mixtures included different combinations of the esters of
methyl palmitate, methyl stearate, methyl oleate, methyl
linoleate, methyl arachidonate and methyl behanate. The
retention times were 3.8 min for methyl palmitate, 6.7 min
for methyl stearate, 7.3 min for methyl oleate, 8.3 min for
methyl linoleate, 14.0 min for methyl arachidonate and 15.3
min for methyl behenate (internal standard).

The concentrations of each fatty acid in each sample were
calculated and added together to obtain the concentration of
total LPA in each plasma sample. The concentrations in uM
of each LPA species and of total LPA in each of the samples
are presented in Table 1.

Each of the female subjects also underwent one or more
routine diagnostic procedures to determine whether she was
healthy or had an active disease. The diagnostic procedures
included, where appropriate, clinical examination, clinical
chemistries, and surgical evaluation of any masses detected.
On the basis of these routine diagnostic procedures, the
patients were diagnosed as being healthy or as having an
active form of one of the diseases listed in Table L




US 6,451,609 B1

: TABLE 1
| LFA Levels (uM) in Plasma of Subjects of the Example

Diagnosis LPA(F) LPA(S) LPA(O) LPA(L) LPA(A) LPA(D) TOTALLPA
1, Ovarian Carcinoma Stage 1

#1 297 1234 4.3% 283 229 BD, 332
# 1078 1028 1.84 ED. BDh BD. 229
#3 139 0.40 0.87 201 BD B.D. 4.67
2. Ovarian Carcinoma Stage II
#1 0.78 217 0.68 0.98 0.41 BD. 502
3. Ovarian Carcinoma Stage 11
#1 887 915 398 417 332 BD, 29.49
# 7.90 6.97 346 8.97 6.45 B.D. 3375
#3 9.59 6.96 1.59 1.64 2.56 B.D. 2234
# 1109 7.62 572 1178 685 BD. 4306
#5 5.64 4.14 B.D. BD. BD. B.D, 2.78
#6 3.10 4.62 158 318 159 B.D. 14.07
#7 213 180 0.39 091 BD. BD, 523
#3 0.81 1.56 0.77 BD. BD BD. 314
# 330 6.22 228 5.40 517 B.D. 22.37
#10 237 433 156 0.77 092 BD. 995
#11 5.34 832 2.68 185 239 BD. 2058
#12 897 1023 1139 1350 896 312 5617
#13 1.08 0.89 0.31 025 B.D. B.D. 253
#14 BD. 182 043 242 242 BD. 5.84
4. Ovarian Carcinoma Stage IV
#1 361 49 2.09 116 BD. BD. 1177
5. Peritoneal Carclnoma
#1 1422 993 308 379 194 B.D. 3296
#2 319 629 0.68 625 BD. B.D. 1641
#3 265 229 0.13 BD. BD. B.D. 5.07
#4 12.81 11.45 12.50 14.92 9.19 2.34 63.21
# 0.70 117 BD. BD. BD. BD. 187
#5 BD. BD. BD. BD. BD BD. BD.
#7 3.89 401 3.94 4.51 2.84 B.D. 19.19
#3 31 315 172 2.40 170 B.D. 12.08
# 116 BD. BD. B.D. 0.28 B.D. 144
6. Endometrial Carcinoma
# 846 245 385 4383 223 B.D. 2882
# 1101 13 233 103 BD B.D. 25.68
#3 684 1584 1262 1888 9.05 B.D. 63.23
#4 7.68 7.27 3.53 5.67 7.24 B.D. 31.3%
#5 17 1.65 0.59 BD. BD ED. 355
#5 619 7.65 2359 527 2.89 B.D. 2459
#7 21.15 516 1641 2098 BD. BD. 54.56
7. Cervical Carcinoma
#1 5.94 5.60 299 119 2.10 B.D. 17.82
# 1245 1118 672 10.44 6.53 BD. 4732
#3 0.86 114 BD. BD. BD. BD. 200
#4 1520 1298 827 5.68 897 B.D. BD.

8. Healthy
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TABLE I-continued

LPA levels in Plasma of Subjects of the Example

Diagnosis LPA(P) LPA(S) LPA(Q) LPA(L) LPA(A) LPA(D) TOTALLPA
#21 BD. B.D. BD. BD. B.D. B.D. BD.
#22 4.93 B.D. B.D. B.D. B.D. B.D. 4.93
#23 B.D. B.D. BD. B.D. BD. B.D. B.D.
9. Benign GYN Diseases
#1 B.D. B.D. BD. B.D. BD. BD. B.D.
# B.D. BD. BD. BD. B.D. BD. B.D.
# B.D. BD. BD. B.D. B.D. B.D. B.D.
10. Sarcoma
# B.D. BD. BD. BD B.D. BD. B.D.
#2 B.D. B.D. BD. B.D. B.D. BD. B.D.
#3 B.D. B.D. B.D. B.D. B.D. BD. B.D.
#4 BD. 208 099 143 348 B.D. 797
11. Breast Cancer
#1 BD. B.D. BD. BD. B.D. BD. B.D.
#2 B.D. B.D. 042 B.D. BD. BD. .42
#3 B.D, B.D. BD. B.D. B.D. B.D. B.D.
#4 BD. B.D. BD. B.D. BD. B.D. B.D.
#5 © BD. BD. BD. BD. B.D. BD. BD.
#5 B.D. B.D. BD. B.D. B.D. B.D. B.D.
#7 B.D. B.D. BD. B.D. B.D. BD. B.D.
#3 BD. B.D. BD. B.D. BD. B.D. BD.
# B.D. B.D. BD. B.D. B.D. B.D. B.D.
#10 B.D. B.D. BD. B.D. B.D. B.D. B.D.
#11 B.D. B.D. BD. BD. BD. BD. B.D.
12. Leukemia
#1 B.D. B.D. B.D. B.D. B.D. B.D. B.D.
#2 B.D. BD. BD. BD. B.D. B.D. B.D.
#3 B.I. BD. BD. B.D. BD. BD. B.D.
#4 B.D. B.D. BD. B.D. B.D. BD. B.D.

LPA(P): palmitoyl - LPA
LPA(S): stearoyl - LPA
LPA(Q): oleoyl - LPA
LPA(L): linoleny! - LPA
LPA(A): arachidyl - LPA
LPA(D): docosahexanyl - LPA
B.D.: below detection

N.A.: Not availsble

The average concentrations=SE of each LPA species in patients with the gynecological carcinomas and the average
the plasma of patients diagnosed as having a gynecological ~ concentrations+SE of total LPA in the plasma of patients
carcinoma and the average concentrationsSE of cach LPA _ Without gynecological carcinomas are presented in Table IIL.

.. . R . 45 The statistical power calculations were performed using the
species in the plasma of patients diagnosed as not having &~ wyoxon Rank Sum statistical tost as described by W. I.
gynecological carcinoma are presented in Table I The  Conover in Practical Nonparametric. 0.1 4M was used in
average concentrationstSE of total LPA in the plasma of  calculations where LPA levels were below detection.

TABLE It
Average Concentration of Individual LPA Species in the Plasma
of Subjects from the E 1
Diagnosis N LPA Mean SE 3D Median Min Max
Healthy 23LPA(F) 033 021 101 010 010 493

LPA(S) 021 008 040 010 010 194
LPA(C) 010 000 002 010 010 621
1PA(L) 010 000 000 010 010 010
LPA(A) 010 000 000 010 010 010
IPA(D) 010 000 000 010 010 010
Ovarian Carcinoma 19 LPA(P) 510 088 3.85 361 010 11.09
LPA(S) 554 083 361 4% 040 1284
LPA(O) 243 061 266 159 010 1139
LPA(L) 327 091 39 185 010 1350
LPA(A) 232 062 270 159 010 896
LPAD) 026 015 089 010 010 312
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TABLE H-continued

Average Concentration of Individual LPA Species in the Plasma
of Subjects from the Example

i Diagnosis N LPA Mean SE SD Median Min Max

Peritoneal Carinoma 9 LPA(P) 465 173 519 311 010 1422
LPA(S) 428 138 414 315 010 1145

LPA(O) 248 134 402 0.68 010 1250

LPA(L) 359 161 483 240 010 1492

LPA(A) 182 098 295 028 010 919

LPA(D) 035 025 075 010 010 234

Endometrial Carcinoma 7 LPA(F) 901 229 605 768 171 2L1S
IPA(S) 833 171 4352 765 165 1584

LPA(C) 599 227 602 353 059 1641

LPA(L) 811 316 837 527 010 2098

LPA(A} 210 138 36 223 010 905

LPA(D) 010 000 000 010 010 010

Cervical Carcinoma 4 LPA(P) 8.64 325 650 920 086 1529
LIPA(S) 773 270 540 839 114 1298

LPA(O) 452 184 369 48 010 827

1PA(L} 435 236 472 344 010 1044

LPA(A) 443 202 405 432 010 897

LPA(D) 010 000 000 010 010 010

Benign Gynecologicel Disease 3 LPA(P) 010 000 000 010 010 010
‘ LPA(S) 010 000 000 010 010 010
: LPA(D} 010 000 000 010 0I0 010
; LPA(L) 010 000 000 010 010 0.10
LPA(A) 010 000 000 010 010 010

LPAD} 010 000 GO0 010 010 030

Sarcoma 4 LPA(P) 010 000 000 0I0 010 010

LPA(S) 060 0350 0% 010 0310 208

IPA(D) 032 022 045 030 0310 089

LPA(L) 043 033 067 010 010 143

IPA(A} 0895 085 169 010 010 348

LPA(D) 010 000 000 010 0I0 010

010 000 080 018 010 010
LPA(S; 010 000 000 010 08I0 010

LPA(O) 018 003 010 010 010 043

IPA(L} 010 000 000 010 010 010

LPA{A) 010 000 000 0310 0310 010

IPA(D) 010 000 000 010 010 010

Leukemia 4 LPA(P) 0.0 000 000 030 010 010
LPA(S) 010 000 000 010 010 010

IPA(D} 010 000 000 010 010 010

IPA(L}) 010 000 000 010 010 010

LPA(A) 010 000 000 010 010 010

1PAD) 010 000 000 010 030 010

Breast Cancer 1

m
z
=2

LPA(P): palmitoyl - LPA
LPA(S): stearoyl - LPA
LPA(O): oleoyl - LPA
LPA(L): linoleny! - LPA
LPA(A): arachidyl - LPA
LPA(D): docosahexanyl - LPA
B.D.: below detection

N.A.: Not available

50
TABLE 1 TABLE IHl-continued
Ave Concentration of Total LPA in the Plasma of Patients Averzge Concentration of Total LPA (M)} in the Plasms of Patients
Disgnosis N Mean SE  SD  Median Min Max 55 Diagnosis N Mean SE SD Median Min Max
Healthy 23 045 023 109 010 010 493 LPA(P): paimitoyl - LPA

Qvarian Carcinoma 19 1868 343 1497 1407 253 3617 LPA(S): stearoyl - LPA
Peritoneal Carcinoma 9 1693 679 2037 1208 010 8321 LPA(O): oleoyl - LPA

Endometrial 7 3317 751 1986 2982 395 6323 LPA(L): linolenyl - LPA

Carcinoma LPA{A): arachidyl - LPA

Cervial Carcinoma 4 2958 1183 23.67 3257 200 5119 60 LPA(D): docosahexanyl - LPA

Benign 3 010 000 000 010 010 010 B.D.: below detection

Gynecological N.A.: Not available

g:;:a 4 483 105 504 362 040 1992 As shown in Table I, detectable levels of total LPA were
Breast Cancer 1 013 003 010 010 010 o043  found in each of the patients with 1, Stage II, Stage III or
Leukemia 4 010 000 000 010 010 030 65 Stage IV ovarian carcinoma. Thus, every one of the patients

diagnosed as having early stage ovarian carcinoma or late
state ovarian carcinoma had detectable levels of LPA in her
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plasma. No false negatives were observed in any of the
patients with ovarian carcinoma. The concentration of total
LPA in subjects with Stage I and Stage Il ovarian carcinoma
ranged from 4.67 to 32.32 uM. The concentration of fotal
LPA in subjects with Stage III and Stage IV carcinoma
ranged from 2.53 to 56.17 M. Moreover, detectable levels
of stearoyl-LPA were found in all of the patients with
ovarian carcinoma and detectable levels of the LPA species
palmitoyl-LPA and oleoyl-LPA were found in 18 out of the
19 patients with ovarian carcinoma.

In contrast, 19 out of the 23 subjects who were charac-
terized as being healthy, did not have detectable levels of
LPAin their plasma. The remaining four healthy patients had
low concentrations of LPA in their plasma, ranging from
042 to 4.93 uM. It is not known whether these values
represent false positives or whether these individuals had a
gynecological carcinoma that was not detected by the other
routine procedures used to diagnose the patients. Moreover,
the average concentration of total LPA and of each LPA
species in the plasma of patients diagnosed as having
ovarian carcinoma was significantly higher than the average
concentration of total LPA and of each LPA-species in the
plasma of healthy patients. These results establish that the
present method is highly sensitive and therefore useful for
identifying those patients with the gynecological carcinoma
of ovarian carcinoma, including those patients whose ova-
rian carcinomas are still in the early stages of development.
The results also indicate that a method which detects the
presence of palmitoyl LPA or stearoyl-LPA or oleoyl-LPAor
combinations thercof in the plasma of patients is also useful
for detecting ovarian carcinomas.

LPA was also detected in the plasma of every one of the
subjects diagnosed as having cervical carcinoma and
endometrial carcinoma, and in eight out of the nine subjects
diagnosed as having peritoneal carcinoma. The peritoneal
carcinoma had been totally debulked in the one patient who
did not have detectable levels of LPA in her plasma. This
result suggests that LPA is not present in the plasma of
patients whose carcinomas are completely removed by sur-
gery. Thus, the present method is useful for monitoring the
recurrence of gynecological carcinomas in patients who
have undergone surgical removal of the carcinoma. The
concentration of LPA in the plasma of the subjects with
cervical carcinoma and endometrial carcinoma ranged from
2.00 to 63.23 uM.

In contrast, detectable Ievels of LPA were not present in
15 out of the 17 patients diagnosed as having a cancer other
than a gynecological carcinoma, ie., breast cancer,
leukemia, and uterine sarcoma. Moreover, detectable levels
of LPA were not present in any of the subjects with uterine
fibroids, a benign gynecological disease. Since plasma from
three out of the four patients with gynecological sarcomas,
which are derived from connective tissues, and with benign
uterine fibroids did not have detectable levels of total LPA
in their plasma, it is believed that malignant epithelial cells
of the respective gynecological organ may be the source of
the LPA in the plasma of patients with ovarian carcinoma,
cervical carcinoma, endometrial carcinoma, and peritoneal
carcinoma.

Because of its sensitivity, simplicity, and low cost, the
present method is useful for screening patients for gyneco-
logical carcinomas. Because the blood specimens for the
present method and for CA 125 testing can be drawn from
a patient at the same time, CA 125 testing can also be
performed when patients are screened for gynecological
carcinomas by the present methods. Alternatively, the
present method can be used alone to detect gynecological
carcinomas.
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Because the LPA is not present in the plasma of patients
with benign gynecological diseases, the present method is
also useful for distinguishing between gynecological dis-
eases which are benign and gynecological diseases which
are malignant in patients with gynecological masses. Use of
this method to discriminate between malignant and benign
ovarian masses should reduce the number of patients
required to undergo the more expensive techniques such as
transvaginal sonography or the more invasive techniques
such as tumor biopsy or tumor aspiration that are now used
to diagnose ovarian tumor malignancy.

EXAMPLE 2
Sample Collection from Patients and Healthy Controls

Samples were collected from 9 patients who were seen in
the Department of Gynecology and Obstetrics at the Cleve-
land Clinic Foundation between February 1998 and April
1998. Whole blood specimens were obtained from 8 patients
(median age, 65.0 years; range 44-72 years) with ovarian
cancer, 1 patients with endometrial cancer (age 44 years),
and 10 healthy controls (median age, 45.5 years, range
28-48 years). An informed consent was obtained form all
participanis.

All of the cancer patients had been diagnosed with cancer
when blood samples were drawn. Clinical stage was deter-
mined according to the International Federation of Gyne-
cologists and Obstetricians (FIGO) criteria, and the histo-
logical subtype was evaluated according to the WHO
classification. (See Table IV below) To prevent platelet
activation and phospholipase activity, blood samples were
collected in EDTA-containing tubes. Whole blood was cen-
trifuged at 2,500 g for 15 minutes. Plasma was either
processed immediately or stored at -~80° C. before lipid
extraction.

TABLE IV
Healthy
Subject # Age Conditions Stage Grade Subtype CA125
1 41 Healthy
2 37 Heslthy
3 45 Heslthy
4 46 Healthy
5 32 Healthy
6 48 Healthy
7 28 Healthy
8 47 Healthy
g 45 Uterine
fibroids
10 44 Uterine
fibroids
11 55 Ic 2 Endometrioid 37
12 67 v 3 Berous 201
13 64 i1 3 Endometrioid 1284
i3 46 e 3 Berous 45
15 66 mc 3 Serous 1091
16 66 w 3 Berous 209
17 72 jiig 3 Serous 1
18 61 it} 3  Serous 447
19 44 I

Subjects # 11 to 18 were patients with ovarian cancer and subject # 19
was a patient with endometrial cancer.

Reagents and Standards

LPA and other lysophospholipids, except 16:0-LPI, were
purchased from Avanti Polar Lipids (Birmingham, Ala.) The
LPI preparation (extracted from soybean and contains 62%
16:0-LPI; cat. #L-7635, lot #46H8390;) was from Sigma (St.
Louis, Mo.). Precoated silica gel 60 TLC plates were
obtained from EM Science (Gibbstown, N.1.). HPLC grade
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methanol (MeOH), chloroform, ammonium hydroxide
(AmOH), hydrochloric acid (HCI) were purchased from
Sigma (St. Louis, Mo.) or Fisher Scientific Co. (Pitisburgh,
Pa)

LPA-17:0 was purchased from Avanti in chloroform form.
Known amounts of the lipid were aliquoted in a known
amount and the chloroform was evaporated under N, at 40°
C. The lipid was resuspended in methanol and 500 pmol was
added to each sample before the lipid extraction. LPAs-16:0,
18:0 and 18:1 and LPI (18:0) were obtained from Avanti and
standard solutions were made in methanol. To obtain stan-
‘dard curves, different amounts (5-300 pmol) of standard
LPAs or 18:0-LPI were mixed with the same amount (50
pmol) of internal standard LPA-17:0.

Preparation of Samples

Blood samples were centrifuged at 2,500 g for 15 min at
4® C. The plasma was transferred into siliconized eppendorf
tubes and frozen at -80° C. or used immediately. All
extraction procedures were performed in 15 ml glass dis-
posable centrifuge tubes (Supelco/Sigma,. St. Louis, Mo.).
For each 1 ml of blood sample, 0.2 ml of 6N HCI and 4 ml
MeOH/Chloroform (2:1) were added. The sample was vor-
texed for 1 min and incubated on ice for 10 min. One ml
chloroform and 1.25 ml H,0 were added to separate the
phases. The samples were vortexed for 0.5 min and incu-
bated on ice for 0.5 min. After centrifugation (2000 g for 10
min), the lower phase was transferred to a new glass tube
and the solvent was evaporated under nitrogen at 40° C. in
a React-Therm (Pierce, Rockford, I11.). The dried lipids were
resuspended in 501 pL solvent (MeOH: chloroform 2:1),
vortexed and applied to a TLC plate.

The silica gel 60 TLC plates were pre-run using the
solvent system (chloroform:MeOH:AMOH=65:35:5.5) to
remove contaminants and then dried. Samples were applied
to TLC plates as a band and developed in the same solvent
system. One each TLC plate, two markers: standard oleoyl-
LPA (18:1) were always applied to help in identifying the
“LPA band”. The lipids in the “LPA band” were eluted with
2 ml MeOH: chloroform (2:1) twice, dried under nitrogen at
40° C. and resuspended in 100 4L of 100% MeOH. This
sample was directly used in ESI-MS (20 uL for each
injection).

Validations

ESI-MS and ESI-tandem MS (MS-MS) were performed
to confirm the structures and identities of the ion peaks of
interest. The method of quantitation were developed using
commercially available standards. The internal standard,
17:0-LPA, was chosen due fo the absence of ion species in
the m/z range of 423 in blood samples, and because 17:0-
LPA is not a naturally occurring LPA species.

ESI-MS Conditions

The ESI-MS and tandem mass spectrometry (MS/MS)
were performed on a Micromass Quattro I Triple Quadru-
pole Mass Spectrometer equipped with an ESI source
{Micromass Inc. Beverley, Mass.). The samples were deliv-
ered into the ESI source using a LC system (HP 1100) with
an injection valve (20 uL injection loop) via a 125 ym PEEK
tubing. The mobile phase used for all experiments was
MeOH:H,O (1:1;v:v) and the flow rate was 50 gl/min.

The instrument settings used are as follows: the ionspray
interface was maintained at 70° C. with a nitrogen nebuli-
zation flow of 10 L/h. The ESI drying gas (N,) was at 250
L/b. For the product (79) or (184) scan modes with negative
or positive detection, the argon (as collision gas) was at a
pressure of 10x10° bar or 1x107° bar; the ionspray voltages
were -3,500 V or 3,500 V; the counter electrode potentials
were ~500V or 500V, the sample cone potentials were 50V
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or 20V; the collision energies were 70 or 50 eV, and the
skimmer voltages were -1.0 or 2.0V, respectively. The
product {79} scan mode with negative ion detection was
used in all standard and sample analyses. Detection of LPA
and other related lyso-PLs in the “LPA band” of plasma
samples.

Ion species were detected in the range of m/z 400-7000,
This range includes all major species of lysophospholipids,
but exclude di- or tri-plysphate-1PIs (>700, which were
absent in the “LPA band.”

FIG. 1 show the representative mass spectra of lysophos-
pholipids from patient with ovarian or peritoneal cancer
(FIG. 1A) or healthy controls (FIG. 1B) The major ions and
their identities are 409 (16:0-LPA), 433-437 (18:2, 18:1 and
18:0-LPAs, 457, 481482, 571 (16:0-LPI), 599 (18:0-LPI)
and 619 (20:4-LPI). Patients with either ovarian or perito-
neal cancer had higher levels of both LPA and LPI as
compared to healthy controls.

The identities of these ion species were achieved through
three steps: 1) the m/z of the ion species; ii) the presence of
the phosphoroyl group [detected in the product (79) scan
mode]; and iif) MS-MS analysis of the daughter ions of these
species in negative detection mode. For 16:0-LPA, the major
products were the phosphoryl group PO,— ion (at m/z 790),
PO H,— ion (at m/z 97), glycerol phosphoryl
C;Hg0,PO;— ion {at m/z 153), O-glycerol phosphoryl
C;HsO,POH,— ion (at m/z 171), palmitic acid
(C16H3,0,—, at m/z 255) (FIG. 5A). LPI (18:0) mainly
showed the PO,—, PO,H,—, glycerol phosphate
C,H 0,PO,—, phosphoinositol C;H,,0,PO,— ion (at m/z
241}, and stearic acid (C,gH,50,— at m/z 283) ions. LP3
mainly showed the PO,—, PH,H,—, glycerol phosphate
C,HO,PO,—, O-glycerol phosphoryl C;H,0,POH,—,
oleic acid (C,gH;;0,— at m/z 281) and 18:1-LPA (loss of
serine; at m/z 435). Ion species at 435, 437,571 and 619 also
showed expected daughter ions.

Optimal ionization conditions for simultaneously detect-
ing LPAs and LPIs in blood samples were tested. While 0.5
mM NH,OH did not affect the jonization efficiency of LPAs,
it slightly reduced the jonization efficiency of LPI. Addition
of 5 mM ammonium acetate reduced the ionization effi-
ciency of LPAs to approximately 40%, but increased the
ionization efficiency of LPI to approximately 30%. To
balance the simultaneously detection efficiency for both
LPAs and, LPIs, we chose to use MeOH without any
additives.

We examined the levels of LPAs and LPIs in 2 series of
plasma sample dilutions (0.1,0.2,0.4,0.5,0.6,0.8 and 1 ml)
and found that the detected levels of LPAs and LPIs were
linear in this range, therefore 0.5 ml of plasma samples were
used in our later studies.

Quantitative Analysis of LPAs and LPIs in Blood Samples

To perform quantitative analysis of levels of LPA and LPI,
we established standard curves using the ratios of different
amount (5-300 pmol) of a combination of standard 14:0-
LPA, 16:0-LPA, 18:0-LPA, 18:1-LPA, 16:0-LPI (Sigma) and
18:0-LPI to a fixed amount (50 pmol) of the internal
standard 17:0-LPA (Avanti). The areas of each ion species
were obtained from the chromatogram. To determine
whether different LPI species have different ionization
efficiencies, we used the natural LPI isolated from soybean,
which contains 62% 16:0-LPI as analyzed by Sigma using a
GC-based analysis (cat. #L.-7635, lot #46H8390). All LPAs
and LPIs displayed linear curves in the concentration range
tested. The slopes of standard curves for different LPA
species were different. Surprisingly, we found that the LPA
with longer fatty acid side chains had higher ionization
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efficiencies, compared with shorter ones. This is reflected by
their higher slopes. The slopes of 18:0-LPA and 18:1-LPA
were very similar, suggesting that the double bond did not
affect ionization efficiency significantly. Plotting the slopes
for 14:0-LPA, 16:0-LPA and 18:0-LPA against the length of
their side chains, a linear relationship was obtained. By
extending this curve, we obtained the theoretical slopes for
20:4-LPA (2.12) and 22:6-LPA (2.50). These values were
used in calculations for the total LPA levels. In addition, the
slope (1.73) for 18:1-LPA was used for 18:2-LPA calcula-
tions. A similar trend was observed in the LPI series.
Therefore a theoretical slope (1.21) was deduces for 20:4-
LPI and used for the calculations.

We applied the established method to the analysis of
plasma samples from 9 patients with either ovarian (8) or
endometrial cancer (1) and 8 healthy female controls and
two women with benign gynecological disease (uterus
fibroids). Total plasma LPA, LPI and LPA+LPI levels from
these subjects are shown in FIG.2 The patients group clearly
showed higher levels of both LPA and LPI levels, and levels
of total LPA and LPI apparently separated better between
patients and control groups than either LPA or LPI alone.

Although the invention has been described with regard to
a number of preferred embodiments, which constitute the
best mode presently known to the inventors for carrying out
this invention, it should be understood that various changes
and modifications as would be obvious to one having the
ordinary skill in this art may be made without departing from
the scope of the invention which is defined by the claims
which are appended hereto.

What is claimed:

1. Amethod of diagnosing ovarian carcinoma in a subject
comprising: assaying for the presence of lysophosphatidyl
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inositol in a bodily fluid from the subject; determining the
level of lysophosphatidyl inositol in said bodily fluid to
provide a test value; and comparing the test value to a
standard value, wherein a test value above the standard value
is indicative of ovarian carcinoma.

2. The method of claim 1 wherein said bodily fluid is
blood.

3. The method of claim 1 further comprising the step of
determining the level of lysphosphatidic acid in said fluid to
provide a combined test value, wherein the combined test
value is based on the level of lysphosphatidic acid and the
level of lysophosphatidyl inositol in said bodily fluid; and
comparing the combined test value to a combined standard
value, wherein a combined test value above the combined
standard value is indicative of ovarian carcinoma.

4. A method of diagnosing ovarian carcinoma in a subject
comprising: assaying for the presence of lysophosphatidyl
inositol in a plasma sample from the subject; determining
the level of lysophosphatidyl inositol in said plasma sample
fo provide a test value; and comparing the test value to a
standard value, wherein a test value above the standard value
is indicative of ovarian carcinoma.

5. The method of claim 4 further comprising the step of
determining the level of lysophophatidic acid in said plasma
sample to provide a combined fest value, wherein the
combined test value is based on the level of lysophospha-
tidic acid and the level of lysophposphatidyl inosoitol is said
plasma sample; and comparing the combined test value to a
combined standard value, wherein a combined test value
above the combined standard value is indicative of ovarian
carcinoma.
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